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SUMMARY 

An experimental  investigation  was  conducted  at  the  Langley  aircraft  land- 
ing  loads  and  traction  facility  to  study  the  braking  and  cornering  response  of 
a  slip-velocity-controlled,  pressure-bias-modulated  aircraft  antiskid  braking 
system.  The  investigation,  conducted on dry  and  wet  runway  surfaces,  utilized 
one  main  gear  wheel,  brake,  and  tire  assembly  of  a  McDonnell  Douglas DC-9 
series 10  airplane.  The  landing  gear  strut  was  replaced  by  a  dynamometer. 

During  maximum  braking,  average  braking-behavior  indexes  based  upon  brake 
pressure,  brake  torque,  and  drag-force  friction  coefficient  developed  by  the 
antiskid  system  were  higher  on  dry  surfaces  than  on  damp  and  flooded  surfaces. 
On the  wet  surfaces,  these  indexes  were  reduced  with  lighter  vertical  forces, 
increasing  speeds,  and  when  new  tire  treads  were  replaced  by  worn  treads.  The 
three  braking-behavior  indexes  agreed  with  one  another  and  may  be  used  inter- 
changeably  as  a  measure  of  the  braking  behavior  of  this  antiskid  system.  How- 
ever,  these  braking-behavior  indexes  are  based  upon  maximum  values  of  pressure, 
torque,  and  drag-force  friction  coefficient,  which  may  vary  from  system  to  sys- 
tem,  and  any  comparisons  between  different  antiskid  systems  based  solely  upon 
these  indexes  may be  technically  misleading.  The  average  cornering-behavior 
index  based  upon  the  side-force  friction  coefficient  developed  by  the  tire 
under  antiskid  control  was  decreased  on  wet  runway  surfaces,  with  increasing 
yaw  angle  and  carriage  speed,  and  when  new  tire  treads  were  replaced  by  worn 
treads.  The  interaction  between  braking  and  cornering  forces  indicated  that 
during  antiskid  cycling on the  dry  runway  surfaces,  the  side-force  friction 
coefficient  was  significantly  reduced  during  portions  of  the  braking  cycles. 
On  the  flooded  runway  surfaces,  this  coefficient  was  frequently  reduced  to 
negligible  values.  During  the  transition  from a dry  to a  flooded  surface  under 
heavy  braking,  the  wheel  entered  into  a  deep  skid,  hut  the  antiskid  system 
reacted  quickly  by  reducing  brake  pressure  and  performed  normally  during  the 
remainder  of  the  run  on  the  flooded  surface.  The  time  for  brake-pressure 
recovery  following  the  transition  from  flooded  to  dry  was 4 sec  and  was  con- 
trolled  by  the  decay  rate  of  the  residual  skid  signal  built  up  by  the  antiskid 
system  during  the  initial  skid  cycles  on  the  first  runway  surface. 

INTRODUCTION 

Over  the  years,  the  number  and  variety  of  airplanes  using  antiskid  braking 
systems  have  steadily  increased  until  most  current  commercial  and  military  jet 
airplanes  are  now  equipped  with  various  skid  control  devices.  The  earliest 
antiskid  systems  were  generally  designed  to  prevent  wheel  lockups  and  excessive 
tire  wear on  dry  pavements.  Modern  skid  control  devices,  however,  are  more 
sophisticated  and  are  designed to provide  maximum  braking  effort  while  main- 
taining  full  antiskid  protection  under  all  weather  conditions.  Operating  sta- 
tistics  of  modern  jet  airplanes  indicate  that  these  antiskid  systems  are  both 
effective  and  dependable;  the  several  million  landings  that  are  made  each  year 
in  routine  fashion  with no serious  operating  problems  attest  to  this  fact. 



However, it has  also  been  well  established, both  from  flight  tests  and  from 
field  experience,  that  the  performance of these  systems  is  subject  to  degrada- 
tion on slippery  runways:  consequently,  dangerously  long  roll-out  distances  and 
reduced  steering  capability  can  result  during  some  airplane  landing  operations 
(refs. 1 to 5) . There is a  need  to  study  different  types  of  antiskid  braking 
systems  in  order  to  find  reasons  for  the  degraded  braking  performance  that 
occurs under adverse  runway  conditions;  there  is  also  a  need  to  obtain  data  for 
the  developnent of more  advanced  systems  that  will  insure  safe  ground  handling 
operations  under  all  weather  conditions. 

In an effort  to  meet  these  needs, an experimental  research  program  has 
been  undertaken to study  the  single-wheel  behavior  of  several  different  air- 
plane  antiskid  braking  systems  under  the  controlled  conditions  afforded  by  the 
Langley  aircraft  landing  loads  and  traction  facility  (formerly  called  the 
Langley  landing  loads track). The  types  of  skid  control  devices  undergoing 
study  in  this  program  include  a  velocity-rate-controlled  system  (ref. 6); a 
slip-ratio-controlled  system  with  ground  speed  reference  from  an  unbraked  nose 
wheel (ref. 7); the  present,  a  slip-velocity-controlled  system;  and  others. 
The  investigation of all  these  systems  is  being  conducted  with  a  single  main 
wheel, brake,  and  tire  assembly of a  McDonnell  Douglas DC-9 series 10  airplane. 

The purpose of this  paper  is  to  present  the  results  from  a  study  of  the 
behavior  of  a  slip-velocity-controlled,  pressure-bias-modulated  aircraft  anti- 
skid  braking  system  under  maximum  braking  effort.  The  parameters  varied  in  the 
study  included  carriage speed, tire  loading, yaw angle,  tire  tread  condition, 
brake-system  operating  pressure,  and  runway  wetness  conditions.  A  discussion 
of  the  effects of each of these  parameters on the  behavior of the  skid  control 
system is  presented. In addition,  comparisons  are  made  between  data  obtained 
with  the  skid control system  and  data  obtained  from  single-cycle  braking  tests 
without  antiskid  protection. 

Hydro-Aire  Division  of  Crane  Company  provided  the  antiskid-system  hardware 
for  this  investigation,  and  the  Federal  Aviation  Administration (FAA) provided 
the  wheels,  brakes,  and  tires. 

SYMBOLS 

Values  are  given  iniboth  SI  and U . S .  Customary  Units.  The  measurements 
and  calculations  were  made in U.S. Customary  Units.  Factors  relating  the  two 
systems  are  given  in  reference 8 .  

d  position  of  footprint  center of pressure 

FV tire  vertical  force 

FX drag  force  parallel  to  plane  of  wheel 

FY side  force  perpendicular  to  plane of wheel 

h  axle  height 
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I mment of iner t ia  

P power 

P pressure 

r t i re   rol l ing  radius  

S wheel s l i p   r a t i o  

T torque 

t time 

V carriage speed 

a angular  acceleration 

B behavior  index 

u f r ic t ion  coeff ic ient  

11) yaw angle 

w t e s t  wheel angular  velocity 

Subscripts: 

b braking 

C cornering 

d drag 

F f r ic t ion  

f final  value 

g gross 

max  maximum value 

0 i n i t i a l  value 

P pressure 

r free  roll ing 

S side 
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T 

t 

tor que 

tire 

A bar  over  a symbol denotes  an  average value. 

APPARATUS AND TEST PROCEDURE 

Test  Tires 

The tires  used  in  this  investigation were 40 x 14, type VII, bias-ply 
aircraft  tires of 22 ply  rating  with  a  rated  maximum  speed  of 200 knots 
(1 knot = 0 .5144  m/sec). The tires  were  stock  retreads  with  a  six-groove 
tread  pattern,  and  the  study  included  both  new  and  worn  tread  configurations. 
A photograph  of  the  two  test  tires  having  new  and  worn  treads  is  presented  in 
figure 1 . The new  tread  had a  groove  depth of 0.71 cm (0.28  in.)  and was  con- 
sidered  new  until  the  groove  depth  decreased to 0.36 cm (0 .14  in.) . To gener- 
ate  worn  tires,  a  commercially  available  tire  grinding  machine  was  employed  to 
remove  tread  rubber  uniformly  from  the  retreaded  tire  until  a  groove  depth of 
0.05 cm (0 .02 in.)  remained. This simulated  worn  tire  was  probably  in  a  worse 
wear  condition  than  is  normally  experienced  in  airplane  operations.  Throughout 
this  investigation,  the  tire  inflation  pressure  was  maintained at  the  normal 
airline  operational  pressure  of 0.97 MPa (1 40 psi). 

Test  Facility 

The  investigation was performed  on  a  4800-kg (106 000 lbm)  test  carriage 
at  the  Langley  aircraft  landing loads and traction  facility  described  in  refer- 
ence 9 .  Figure 2 is a  photograph  of  the  carriage  with  the  test  wheel  assembly 
installed;  figure 3 is  a  close-up  view of the  wheel  and  other  components. An 
instrumented  dynamometer  was  used  instead  of  a  landing-gear  strut  to  support 
the  wheel  and  brake  assembly  because  it  provided  an  accurate  measurement of the 
tire-ground  forces. 

For  the  tests  described  in  this  paper,  approximately 244 m (800 ft)  of  the 
available 366 m (1200 ft)  of  the  flat  concrete  test  runway  were  used  to  provide 
braking  and  cornering  data on a  dry  surface, on an artificially  damp  surface, 
on an  artificially  flooded surface, and on a  natural  rain  wet  surface.  With 
the  exception of transient  runway  friction  tests,  the  entire  runway  had  a  uni- 
form  surface  wetness  condition,  and  antiskid  cycling  occurred  for  the  entire 
244 m  (800 ft). The 61 m  (200  ft) of runway  preceding  the  test  section  were 
used  for  the  initial  wheel  spin-up  and  brake  actuation,  and  the 61 m (200 ft) 
beyond  the  test  section  were  retained  for  brake  release. To obtain  a  damp  con- 
dition,  the  test  surface  was  lightly  wetted  with  no  standing  water.  For  the 
flooded  runway  condition,  the  test  section  was  surrounded by a  flexible dam  and 
flooded  to  a  depth  of  approximately 1 . 0  cm (0.4  in.).  For  the  natural  rain 
surface  condition, the  flexible  dam  was  removed  and  no  measurement  of  water 
depth  was  made. 
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The  concrete  surface  in  the  test  area  had  a  light  broom  finish  in  a  trans- 
verse  direction,  and  the  surface  texture  was  not  completely  uniform,  as shown 
by  the  texture  depth  measurements  in  the  following  sketch: 

Id  
I- 

366 m (1200 f t )  . 
I Test runway (width  not to   scale)  

k 2 0 6 ;  I t )  
62m 6 2 m  6 2 m   6 2 m  6 2 m  4 

(200 f t )  (200 f t )  (200 f t )  (200 f t )  (200 f t )  

Average texture 115 pm 245 um 145 pm 137  pm 
depth (0.00453 in.) (0.00965 in.) (0.00571 in.) (0.00539 i n . )  (0.00610 i n . )  

155  pm 

Details of the  texture  depth  measurement  technique  are  presented  in  refer- 
ence 9 0. The  average  texture  depth  of  the  test  runway  was 1 59 pm (0.00626 in.) , 
which is slightly  less  than  that of a  typical  operational  runway.  (See  ref. 1 1 ,  
for  example.)  The  test  runway  was  quite  level  compared  with  airport  runways  and 
had  no  crown.  During  the  course of testing on the  dry  surface,  particularly 
with  a  yawed  tire,  rubber  was  deposited  on  the  runway  and  it  was  necessary  to 
clean  the  surface  periodically. 

Skid  Control  System 

A slip-velocity-controlled,  pressure-bias-modulated  skid  control  system 
was  used  in  this  investigation.  The  system  was  configured  to  simulate  a  brak- 
ing  system  that  had  the  correct  electronic  and  hydraulic  components,  including 
line  lengths  and  sizes,  for  a  single  main  wheel  of  a  DC-9  series 1 0  airplane. 
Figure 4 is a  photograph  of  the  major  hydraulic  components  of  the  simulated 
braking  system  installed  on  the  test  carriage;  figure 5 is a  schematic of the 
system.  The  brake  system is activated  by  opening  the  pilot  metering  valve 
(fig. 5), which  allows  brake  fluid  to  flow  from  a  high-pressure  reservoir  and 
brake  selector  valve,  through  the  normally  open  antiskid  control  valve  and 
hydraulic  fuse,  to  the  brake.  The  sole  function  of  the  brake  selector  valve 
and  hydraulic  fuse  was  to  duplicate  the  DC-9  hydraulic  system. A pneumatic 
piston  shown  in  figure 4 was  used  to  open  the  pilot  metering  valve  to  its  full 
stroke;  thus,  maximum  braking  effort  for  all  tests  was  provided. 

During  antiskid  braking,  an  ac  signal  proportional  to  instantaneous  wheel 
speed  is  generated  by  a  wheel-driven  alternator.  In  the  control  box,  this  sig- 
nal is converted  to  a  dc  voltage  and  compared  with  a  reference  wheel  speed  that 
is  also  derived  electronically  from  the  braked  wheel.  The  difference  between 
the  braked-wheel  speed  and  the  reference  speed  is  defined  as  the wheel  slip 
velocity;  thus,  a  freely  rolling  wheel  has, by definition,  zero  slip  velocity. 
When  this  slip  velocity  is  greater  than  a  certain  threshold  value,  a  skid  sig- 
nal is generated  which  is  transmitted  to  the  antiskid  control  valve  to  reduce 
brake  pressure. When  the  wheel  recovers  from  the  skid  and  the  slip  velocity 
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once   aga in   d rops   be low  the   th reshold   va lue ,   the   sk id   s igna l  is reduced to  a 
l e v e l   e s t a b l i s h e d  by the  magnitude,  duration,  and number of   p receding   sk id   s ig-  
n a l s   t h a t  are retained  in   the  pressure-bias-modulat ion memory circuit  which 
c o n t r o l s   t h e  rate of   brake-pressure  reappl icat ion.  The i n i t i a l   t h r e s h o l d   s l i p  
v e l o c i t y  is approximately 3 m/sec (1 0 f t / s ec ) ,   bu t   du r ing   t he  course of   an t i -  
sk id   b rak ing ,   t h i s   t h re sho ld   va lue  may vary  according to  the   adap t ive  correc- 
t i o n   i n   t h e   c o n t r o l  circuit. A more de ta i led   d i scuss ion   of   the   an t i sk id   sys tem 
operat ion  can be found in   r e f e rence  3. 

The s l i p   v e l o c i t y   d a t a  shown i n   t h i s  report were not   ob ta ined  from the  
c o n t r o l  box but  were obta ined  from t w o  dc  generators,   one  measuring test wheel 
speed  and  the  other   measuring  carr iage  speed.   Typical  time h i s t o r i e s  of  wheel 
speed ,   s l i p   ve loc i ty ,   sk id   s igna l ,   b rake   p re s su re ,   and   t he   r e su l t i ng   d rag - fo rce  
f r i c t i o n   c o e f f i c i e n t  pd are p resen ted   i n   f i gu re  6 to he lp   descr ibe   the   sys tem 

operat ion.  The po in t s   l abe led  @ to  @ are used to  h igh l igh t   even t s  which 

occur dur ing   an t i sk id   cyc l ing .   In   the   f igure ,   the   b rake   p ressure  is f i r s t  

app l i ed   r ap id ly  (@ to  @) and resul ts  i n  a dec rease   i n  wheel  speed (0): 
consequen t ly ,   an   i nc rease   i n   s l i p   ve loc i ty  (a) occurs above  the  threshold 

( d a s h e d   l i n e   i n   f i g .  6) and  thereby  produces a small s k i d   s i g n a l  (0). The 

t h r e s h o l d   s l i p   v e l o c i t y  shown i n   f i g u r e  6 is an i n i t i a l   v a l u e :   t h e   t h r e s h o l d  
is a v a r i a b l e   t h a t  is dependent upon an   adap t ive   co r rec t ion   i n   t he   con t ro l  
circuit .  The s k i d   s i g n a l   p a r t i a l l y  closes t h e   a n t i s k i d   c o n t r o l   v a l v e ,  which 

causes a leve l ing   pause   in   b rake-pressure   appl ica t ion  (a). The s l i p   v e l o c i t y  

becomes almost cons t an t  (@ to  a), and the  pressure-bias-modulat ion c i rcu i t  

permits t h e   s k i d   s i g n a l  to  be gradually  reduced (0 t o  0); t h i s   r e d u c t i o n  

al lows a s l i g h t  r i s e  in   brake  pressure (0 t o  0) and a corresponding 

inc rease   i n   t he   deve loped   f r i c t ion   l eve l  (@ t o  0). A t  about 3 sec, t h e  

s l i p   v e l o c i t y   a g a i n   i n c r e a s e s  above the   apparent   th reshold   va lue   and   the   b rake  
release cyc le  is repeated.  

Instrumentat ion 

The t i r e  f r i c t i o n   f o r c e s  were measured  with  the dynamometer shown i n   f i g -  
ure 3 and i l l u s t r a t e d   s c h e m a t i c a l l y   i n   f i g u r e  7. S t r a in   gages  were mounted  on 
t h e   f i v e  dynamometer support  beams: t w o  of t he  beams were used for  measuring 
v e r t i c a l   f o r c e s ,  two were used   for   measur ing   drag   forces   para l le l  t o  the  wheel 
plane,  and a s i n g l e  beam was used   for   measur ing   s ide   force   perpendicular   to   the  
wheel  plane.   Three  accelerometers on t h e  tes t  wheel   axle   provided  information 
f o r   i n e r t i a   c o r r e c t i o n s  to  the  force data .  The brake torque was measured  with 
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torque  links  which  were  independent  of  the  drag-force  beams.  Transducers  were 
installed  in  the  hydraulic  system  (fig. 5) to  measure  pressures  at  the  pilot 
metering  valve,  at  the  antiskid  control  valve,  at  the  hydraulic  fuse,  at  the 
brake, and in  the  return  line  between  the  brake  and  the  hydraulic  reservoir. A 
pressure  relief  valve  in  the  return  line  maintained  a  back  pressure of 448 kPa 
( 6 5  psi)  in  the  hydraulic lines, and  all  the  pressure  transducers  were  Cali- 
brated  to  read  zero  at  this  pressure. A steel-reinforced,  cogged,  rubber  tim- 
ing  belt was  driven by the  test  wheel  to  run an auxiliary  axle  which  drove  the 
pulse  (ac)  alternators  and  dc  generators  that  were  used  to obtain  a  measure  of 
the  test  wheel  angular  velocity. Signals  from one of  the  ac  alternators  sup- 
plied  wheel-speed  information  to  the  antiskid  system.  This  signal  and  the  skid 
signal  produced  by  the  antiskid  system  were  recorded  for  an  examination of 
their  characteristics. A lightweight  trailing  wheel  was  mounted on the  side 
of  the  test  carriage  (as  shown  in  fig. 8 ) ,  and  the output  from  a  dc generator 
mounted  on  its  axle  recorded  the  carriage  speed  and  was  combined  with  the  out- 
put  from  the  test  wheel  dc  generator  to  compute slip  velocity  and  slip  ratio. 
Due to small  shaft  misalignments  of the  two  dc generators,  a  small  ac  ripple 
was  induced on the  recorded  time  histories  of  wheel  speed,  slip  velocity,  and 
slip  ratio. A recording  infrared  thermometer  was  used  for one test  run  to 
obtain  a  measure of the  tire  tread  temperature. A l l  data  outputs  were fed 
into  signal  conditioning  equipment  and  then  into  two  frequency-modulated  tape 
recorders. A time code  was transmitted  to  both  recorders  to  provide  synchroni- 
zation  of  the  two  sets  of  data. 

Test  Procedure 

The technique  for  the  braking  tests  with  and  without  antiskid  protection 
consisted  of  rotating  the  yoke  holding  the  dynamometer  and  tire  assembly  to  the 
chosen  yaw  angle,  propelling  the  test  carriage  to  the  desired speed, applying 
a  preselected  vertical  load on the  tire,  and  recording  the outputs from  the 
onboard  instrumentation.  For  antiskid  tests,  the  brake was  actuated by a  pneu- 
matic  piston  at  the  pilot  metering  valve,  which  gave full  pedal  deflection or 
maximum  braking,  and  the  antiskid  system  modulated  the  braking  effort.  The 
runway  surface  condition  was  essentially  uniform  over  the  entire  length:  the 
brake  was  applied  the  full  distance  and  was  released  prior to  carriage 
arrestment. 

In addition  to  antiskid  braking  tests,  single-cycle  braking  tests  were 
made  without  antiskid  protection.  These  single  brake  cycles  consisted of 
applying  sufficient  brake  pressure  to  bring  the  tire  from  a  free-rolling  condi- 
tion  to  a  locked-wheel  skid  and  then  releasing  the  brake  to  allow  full  tire 
spin-up  prior  to  the  next  cycle.  For  single-cycle  braking,  the  runway  surface 
was  divided into  three  sections  (dry,  damp,  and  flooded),  and  brake  pressure 
was  applied  by  triggering  devices at each  section  along  the  test  track. 

The  nominal  carriage  speeds  for  both  types of tests  ranged  from 40 to 
100 knots and  were  measured  approximately  midway  along  the  runway  where,  after 
initial  acceleration,  the  carriage  was  coasting  through  the  test  section,  with 
some  speed  decay  due  to  carriage  wheel  friction,  air  drag,  and  the  braking  of 
the  test  tire. Tire  vertical  loading  was  maintained  hydraulically  and  ranged 
from  approximately 58 kN (1 3 000 lbf) to 120 kN (27 000 lbf) , which  represented 
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a  nominal  landing  weight  and  a  refused  take-off  weight,  respectively,  for  a 
single  main  wheel of the DC-9. Tests  were  run at  tire yaw angles  from Oo to 
12O. For most  test  runs,  nominal  brake-system  pressure  was  the  normal  airplane 
system  pressure  of 21 MPa (3000 psi),  but some tests  were  made  at  system  pres- 
sures  of 1 4  MPa (2000 psi)  and 10 MPa (1 500 psi) . 

Data  Reduction 

All data were recorded on analog magnetic tape  filtered to 1000  Hz. 
Except  for  the  ac  alternator  signals,  all  analog  data  were  then  filtered 
through  a low  pass  filter  (cutoff  frequency of 60 Hz)  and  digitized  at 
250 samples/sec.  Time-history  plots  used  in  the  data  analysis  and  those  in  the 
appendix  are  plotted  at 50 sampSes/sec. From  these  digitized  data,  direct  mea- 
surements  were  obtained  of  the  carriage  speed,  the  braked-wheel  angular  veloc- 
ity,  the  skid  signal  generated by  the  antiskid system, the  brake  pressure  and 
torque,  the  drag force Fx (sum  of  two  beams),  the  side  force Fy, the  verti- 
cal force  applied  to  the  tire Fv (sum  of  two  beams),  and  the  accelerations  of 
the  dynamometer. The  instantaneous  vertical-,  drag-,  and  side-force  data  were 
corrected  for  acceleration  effects  and  were  combined to  compute  both  the 
instantaneous  drag-force  friction  coefficient 1-(d parallel  to  the  direction 
of motion  and  the  side-force  friction  coefficient LlS perpendicular  to  the 
direction  of  motion. The load  transfer  between  the  two  drag-force  beams 
(fig. 7) provided  a  measure  of  the  alining  torque  about  the  vertical or steer- 
ing axis  of the  wheel. The braked-wheel  dc  generator  signal  was  converted  to 
wheel  speed,  which  was  combined  with  carriage  speed  to  yield  wheel  slip  veloc- 
ity  and slip ratio.  Time  histories  of  some of the  measured  parameters for  a 
typical  antiskid  braking  test  are  presented  in  figure  9(a).  These  plots  start 
just prior  to  wheel  spin-up  and  end  approximately 2 sec  after  the  release of 
brake  pressure. To minimize  tire  wear  on some dry runs, especially  at  the 
higher yaw angles,  the  runway was flooded  from  the  brake-pressure  release  point 
for  the  remainder  of  the  test, as is  noted  in  figure 9. Data  acquired  when  the 
tire  operated on this  flooded  section  were  not  used  in  this  report. As pre- 
viously  mentioned,  the  vertical  and  drag  forces  are  each  a  summation  of  two 
data  channels,  with  corrections  made  for  acceleration  effects.  The  time  his- 
tories  of  figure  9(b)  are  the  parameters  calculated  from  the  data  of  fig- 
ure  9(a).  Although  brake pressure  is  a  measured  parameter,  it  is  included  in 
figure 9 (b) to  serve  as  a  reference. 

In  most  cases,  the  friction-coefficient  traces  were  not  as  smooth  as  the 
pressure  and  torque  traces,  and  a  study was made to  determine  whether  the 
traces  should  be  faired  prior  to  obtaining  values of ud,max. A run in  which  a 
known  abrupt  change  in 1-(d occurred was  chosen for this  study  to  determine  the 
maximum  frequency  response  requirement.  Figure 10 shows  the  drag-coefficient 
trace  from  a  run  in  which  the  tire  experienced  an  abrupt  change  in  friction 
coefficient  during  transition  from  a  dry  to  a  flooded  surface.  Figure  10(a) 
is  the  raw  data  showing  all  the 250 digitized  points/sec  (At = 0 . 0 0 4 ) .  Fig- 
ure 1 O(b)  is  the  same  raw data, but only  every  fifth  point  is  plotted 
(At = 0.02). A ].east-squares  fairing technique  was used on the  raw  data 
digitized  at  250  points/sec,  and  the  effects  of  four  different  order  poly- 
nomials  are  shown in figures 1O(c) to 10(f). The Seast-squares  fairing  tech- 
nique  used  in  reference 12 to  smooth  acceleration  data  was  employed. As can be 
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seen  in  figures lO(c) to 10(f), different  frequency  responses  can be obtained 
by  varying  the polynomial  order  of  the  least-squares  fairing (i.e.,  Crom 4 Hz 
in  fig. 10 (c) to 24 Hz in  fig. 10  (f) ) . Data in the  vicinity of the  transition 
from  a  dry  to  a  flooded  surface  in  figure 10 (see  circled  area  in  fig.  lO(f)) 
are  expanded  and  presented  in  figure 11. When  no  fairing is made, the  data  in 
figure  11(a)  at At = 0.004 sec  indicate  that  the  friction  transition  occurs 
over  a  0.03-sec interval,  and  the  data  at  At = 0.02 sec  show  a 0.05-sec 
interval. It is  believed  that  the  abrupt  friction changes  shown in  this  run 
actually  occur,  and  any  fairing  that  might  be  used  must  be  able  to  respond  to 
this  abrupt  friction  change.  The  least-squares  fairing  of  first-,  third-,  and 
fifth-order  polynomials  gave  intervals  of  0.12 sec, 0.09 sec, and 0.06 sec, 
respectively  (figs. 11  (c) , 11 (d) , and 11  (e) ) . Only  when  a  seventh-order 
polynomial  was  used  did  the  interval  of  the  friction  transition (0 .04 sec) 
approach  the  response  that  occurred  when  no  fairing  was  used.  Since  the 
seventh-order  trace  has  characteristics  very  similar  to  the  unfaired  trace  at 
At = 0.02 sec, it was  deemed  unnecessary  to  fair  the  data;  consequently,  none 
of  the  time-history  data  appearing  in  this  report  have  been  faired. 

DEFINITIONS 

An  assessment  of  the  behavior  of  an  antiskid  braking  system  subjected  to 
a  wide  variety  of  operational  conditions  requires careful  consideration  of  many 
variables.  Four  methods  are  used  in  this  paper  to  analyze  the  behavior  of  this 
antiskid  braking  system,  and  these  methods  are  based  upon  the  following  param- 
eters: brake  pressure,  brake  torque,  tire  friction  coefficient,  and  the  stop- 
ping  and  cornering  power  generated  by  the  antiskid  system. The developnent  of 
the  parameters  used  to  describe  the  antiskid-system  behavior is discussed  in 
the  following  paragraphs. 

Brake  Pressure 

One method  of  determining  antiskid-system  behavior  is  to  compare the aver- 
age  brake  pressure 6 to  the  maximum  brake  pressure kax developed  by  the 
system.  This  method  is  defined  in  references 1 3 ,  14 ,  and 15 as  a  comparison of 
the  area  under  the  brake-pressure  time  history  with  the  area  beneath  a  pressure 
profile  obtained  from  the  envelope  defined by  the peaks  in  the  brake-pressure 
time  history. It is  noted  in  reference 13 that  an  examination  of  the  wheel- 
speed  time  history must  show  sufficient  variations  in  both  magnitude  and  fre- 
quency  to  demonstrate  that  the  brake  is  not  torque  limited.  According  to  ref- 
erence 14,  this  method  of  study  may  be  open  to  objection,  especially  for  rate 
threshold systems,  because the  threshold  rate  may be lower  than  the  maximum 
attainable  deceleration,  or  the  pressure  may  continue  to  increase  while  the 
wheel  is  spinning  down.  Furthermore,  mechanical  lags  in  the  brake  may  not 
allow  the  brake-pressure  time  history  to  coincide  with  the  drag-force-friction- 
coefficient  time  history.  However,  this  process  can be applied to  the  analysis 
of  airplane  test  data  and may  prove  helpful for comparison  purposes (ref. 1 4 ) .  

Typical  examples  of  the  relatively  smooth  brake-pressure  trace  are  shown 
in figure 12.  The  average  pressure  p  developed  by  the  antiskid  system  dur- 
ing  a given  test is defined  by  the  expression 
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5 ’  St‘ p  at 
tf - to to 

where to and  tf,  identified  in  figure 12, enclose  the  time  interval  over 
which  p  is  measured.  The  time to represents  the  point  at  which  the  brake 
pressure  neared  the  maximum  system  pressure  or  the  point where  the  first skid 
occurs.  The  time tf  is  taken just  prior to brake  release  at  the  end of the 
test  section. The  average  pressure is computed  for  each  braking  test  by  numer- 
ical. integration  techniques. The  maximum  pressure &,.,ax is  derived  in  much 
the  same  way  as P I  except  that  the  dashed  curves  in  figure 1 2  that  are 
formed by  joining  the  straight line  segments  between  the  pressure  peaks  are 
used. 

The slope of the  least-squares  line  through  the origin, which fairs the 
data  when  is  plotted  as  a  function  of Lax, is  defined  as  the  pressure 
braking-behavior  index  Bb ,pa 

Brake  Torque 

A  second  indication  of  antiskid-system  behavior i.s the  ratio  of  the  aver- 
age  brake  torque !? to  the  maximum  torque Tma, developed  during  a  test 
(refs. 13 and 1 5 ) .  In  many  test  programs,  it is difficult  to  measure  the  brake 
torque;  hence,  torque  is  not  commonly  used  to  study  antiskid-system  behavior. 
Fortunately, the  instrumented  dynamometer  used  in  this  investigation  gives  a 
direct  and  independent  measure of brake  torque.  According  to  reference 16, the 
relationship  between  brake  torque  and  friction  forces is more  easily  defined 
than  the  relationship  between  brake  pressure  and  friction  forces. This rela- 
tionship,  described  fully  in  reference 2, is 

- 

and  indicates  that  brake  torque  is  defined  by  a  linear  combination of moments 
and  thus  cannot  be  uniquely  defined  by  the  product  of  drag  force Fx and  its 
moment  arm h. When  the  tire  operates  at  a  fixed  slip  velocity  such  that 
becomes  negligible  and  d  is  relatively small,  then  the torque may  more 
closely  reflect  the  drag-force  friction  coefficient. In most  cases,  however, 
antiskid  cycling  results  in  rapid  wheel-speed  changes  and  significant  shifts  d 
in  the  fore  and  aft  position  of  the  tire  footprint  center  of  pressure. Thus, 
peaks in  the  brake-torque  time  histories  may  not  coincide  with  the  peaks  in  the 

system  are  relatively  smooth  (see  fig. 1 2 ) ,  and  the  torque  ratios  are  presented 
as an  independent  method  to  study  antiskid  behavior. 

time  histories;  however,  the  brake-torque  time  histories  for  this  antiskid 

The average  brake  torque ! developed  by  the  antiskid  system  during  a 
given  test  is  defined  by  an  expression  similar  to  that  for p. This 
expression 

- 
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was  also  computed  from  measured  torque  time  histories  by  numerical  integration 
techniques. The  maximum  torque Tmax was  derived  in  the same way  as  the  aver- 
age  torque  except  that  the  dashed  curves  in  figure 1 2  that  are  formed by  join- 
ing  straight  line  segments  between  the  torque  peaks  are  used. 

- 

The slope of the least-squares  line  through  the  origin,  which  fairs  the 
data  when ? is plotted  as  a  function  of Tmax, is defined  as  the  torque 
braking-behavior  index  Bb,T. 

- 

Friction  Coefficients 

Drag-force "_ friction  coefficients.- ~ Many  references  acknowledge  the  exis- 
tence"of  a  peak or maximun-val.ue of  drag-force  friction  coefficient.  (See 
refs. 16  to  26 €or examples.) Most  antiskid  systems  actively  seek  this  peak 
friction  coefficient or are designed to  operate  within  a  relatively  narrow 
range  of  slip  velocities or slip ratios  in  which  this  peak  is  assumed  to occur, 
thus  providing  maximum  airplane  deceleration  (ref. 27). Accordingly,  refer- 
ence 1 3  defines  the  brake-pressure  and  torque  ratios  as  indirect  indications of 
antiskid-system  behavior  and  regards  the  ratio  of  average  developed  to  maximum 
achieved  ground  reaction  forces  due  to  braking  effort  as  a  direct  indication of 
the  antiskid-system  braking  behavior. However,  friction  data can be more dif- 
ficult  to  analyze. 

During  this  investigation,  the  antiskid  system  exhibited  two  distinct 
response  modes.  Response  mode A is  defined  as  antiskid  cycling  with  well- 
defined  incipient  skid points, as shown in figure 12(a). Response  mode B is 
defined  as  antiskid  cycling  without  well-defined  incipient  skid  points, as 
shown  in  figure 12(b). Mode A response  has  been  reported  frequently  in  the 
literature.  (See  refs. 1 ,  2,  and 6 for  examples.) In this  study, response 
mode A is  generally  associated  with  the  new  tires  at yaw  angles  of Oo and 3O 
and  represents  approximately  50  percent  of  the  data.  When  response  mode A was 
observed,  values  of  pd,max,  denoted by  the circles in figure 12(a), were  mea- 
sured  near  the  incipient  skid  points.  Using  incipient  skid  points  for  obtaining 
pd,max  (see  refs. 1, 13,  15, 22, and  25  for  examples) is a  well-established  and 
accepted  method. 

Mode B response was reported  previously  in  reference 7 .  In this  investi- 
gation,  response  mode B is associated  with  the  worn  tire  and  with  the  higher 
yaw angles. This type  response  is  probably  the  result  of  the  interaction 
between  the  antiskid  cycling  frequency  and  the  tire  mechanical  properties. The 
possible  effect  that  this  interaction  may  have on the  shape of the 1-I vs slip 
curve and  hence  the  Hd,max  incipient  skid  relationship  is  shown  in  refer- 
ences 1, 6 ,  and. 7 and is discussed  in  some  detail  in  reference  28.  Since 
response  mode B generally  precluded  determination of pd,max  from  incipient 
skid  points,  an  alternate  approach was employed  based  upon  fixed  time  incre- 
ments.  For  this  method,  the pd time  history  was  divided  into  uniform  time 
increments  and  the  apparent  pd,max  value  nearest  each  time  line was measured 
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(the  last  seven  circled  points  in  fig. 12(b)). These pdrmax values  were 
occasionally  supplemented by  data from well-defined  incipient  skids  within  the 
time  history.  (See,  for  example,  the first  circled  data  point  in  fig. 12(b).) 

It should be noted  that  the  distinction  between  response  modes A and B 
is  only  made with  respect  to  the  friction-coefficient  data. The  pressure and 
torque  data  were  always  treated as mode A data. 

The magnitude of pd,max  during  a test  depends  upon  the  local  runway  sur- 
face texture  and  the  wetness  condition,  both of which  can  vary  along  the  length 
of  the  test  section.  The  temperature  of  the  tire  tread  may  also be a  contrib- 
uting  factor. To assess  the  system  braking  behavior,  it  was  necessary  to 
assign  a  single  value to the  maximum  achieved  drag-force  friction  coefficient 
for  each  run  (in  light of all  the  differences  observed,  for  example,  in 
fig.  12). The values  of udlmaX developed  by the braking  system  throughout 
an  individual  run  were  averaged,  and  this  value  is  denoted  by  I?d,max  in  fig- 
ure  12. This averaging  procedure  differs  slightly  from  the  integrated  averag- 
ing  techniques  used  for  the  pressure  and  torque  data  (refs. 13, 15, and  29) ; 
however, it wil-1 be subsequently  shown  that  there  is  good  agreement  among  the 
three sets of  data.  Values of pa,max  are  not  available  for  torque-limited 
braking  tests  because,  in  those  cases,  the  maximum  friction  level  could  not  be 
confirmed.  (Torque  limited  in  this  investigation  refers  to  a  situation  where, 
for  a  given  supply  pressure,  the  brake  torque  is  insufficient  to  cause  a  spin- 
down  of  the  tire.) It is apparent  that  no  antiskid  cycling  occurs  when  the 
brake  is  torque  limited. 

- 

The average  drag-force  friction  coefficient  pd  developed  by  the  antiskid 
system  during  a  given  test  is  defined  by  the  expression 

and  was  computed  for  each  braking  test  with  the  use  of  numerical-  integration 
techniques. 

The drag-force  friction  coefficient  that  is  observed  when  there is no 
braking  results  from  the  tire  rolling  resistance  and  is  assumed  to  remain  con- 
stant  throughout  a  test  run;  this  coefficient  is  labeled ur in figure  12. 
For  those  tests  on  flooded  surfaces,  pr  also  includes  the  resistance  attrib- 
uted  to  fluid  drag  (ref. 2). When  the  ratio  is  computed of average  developed 
id to  maximum  achieved  drag-force  friction  coefficient pd,max, pr is sub- 
tracted  from  both  the  numerator  and  denominator  to  isolate  the  friction  coeffi- 
cient  attributed  to  the  braking  effort. 

- 

The slope of  the  least-squares  line  through  the origin, which  fairs  the 
data  when id - pr is  plotted as  a  function  of fid,max - pr, is  defined as 
the  braking-friction  behavior  index  Bb,F. 
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Side-force  friction  coefficients.-  Usually  the  maximum  side-force  friction 
- 

coefficient  ps,max  for  a  yawed-wheel  braking  test  was  obtained  when  the 
yawed  wheel  was  freely  rolling  prior  to  brake  application  but  after  spin-up 
transients,  as  shown in figure  12(a).  (See  refs.  23  and  30  for  examples.) 
Occasionally,  however,  the  variability  of p, during  a  run  was so great  that 
an  alternate  method,  illustrated  in  figure  12(b),  was  used. For this  method,  a 
number  of  ps,max  values  were  obtained  during  the  braking  portion  of  the  run 
near  points  of  full  wheel-speed  recovery,  which  indicated  a  momentary  relaxa- 
tion  of  the  braking  effort  (five  circled  points  in  fig. 12(b)). These 
values  were  averaged,  and  this  value  is  denoted  by  Fs,max  in  the  figure. 
The  expression  for  the  average  side-force  friction  coefficient  developed  during 
braking 

was  computed  by  numerical  integration  techniques  for  each  yawed-wheel  braking 
test. 

The  slope  of  the  least-squares  line  through  the  origin,  which  fairs  the 
data  when ps is plotted  as  a  function  of  ps,max, is defined  as  the 
cornering-f  riction  behavior  index Bc,~. 

- 

Power  Terms 

As noted  in  reference 6, the  behavior  of  an  antiskid  system  can also be 
expressed  in  terms  of  the  gross  stopping  power  developed  by  the  braking  system 
and  by  the  stopping  and  cornering  power  dissipated  by  the  tire.  These  various 
power  terms  are  defined  in  reference 6 in  terms of the  carriage  speed V, the 
total  drag  force Fx parallel  to  the  wheel  plane,  the  side  force Fy perpen- 
dicular  to  the  wheel  plane,  the  yaw  angle $, and  the slip  ratio S. Time  his- 
tories  of  some  of  these  variables  during  a  typical  antiskid  braking  test  are 
presented  in  figure  13.  Slip  ratio  is  the  instantaneous  ratio  of  slip  vel-ocity 
of  the  braked  wheel (V - (fir) to  the  carriage  speed V and is given  by  the fol- 
lowing  equation: 

V - Wr 
V 

s =  ( 6 )  

where r for  the  test  tire  was  computed  from  the  unbraked  rolling  distance  and 
wheel-revolution  count  for  each  run.  The  value  of r varied  from 0.466 to 
0.488 m (1.53 to 1.60 ft),  depending  upon  the  various  combinations  of  tire  ver- 
tical  load  and  speed. The following  expressions  are  defined  over  the  interval 
between  to  and  tf  in  the  figure. 
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Gross  stopping  power.- The  gross  stopping  power  Pd,g  developed  by  the 
antiskid  system  during  a  braking  test  is  derived  from  forces  opposing  the 
direction  of  motion  and  is  a  measure of the  overall braking  effort. The 
expression  for  that  power  is 

pd,9 - - (F, cos $ + Fy sin $)V dt 

where F, cos $ + F  sin d~ converts  the  measured  drag  and  side  forces  noted 
in  figure 13 to a s1ngl.e  drag force  opposing  carriage  motion.  The  product of 
velocity  and  time  yields  the  distance  through  which the  force  acts and  com- 
pletes  the  work  equation.  Dividing  the  work  by  the  duration  provides  a  measure 
of  the  power  being  generated. 

Y 

Tire stopping  power.- A measure of the  stopping  power  dissipated  by  the 
tire  Pd,t  is  given  by 

1 
Pd,t = Jtf [ (F, cos $ + Fy  sin $)VS + Fy sin $ ( l  - S)V]  dt (8) 

tf - to to 

where the  carriage  speed  is  multiplied  by the  slip  ratio to  obtain  the  slip 
velocity  (relative  speed  between  tire  and  pavement).  The  last  term  in  equa- 

tion (8) , S" Fy sin $ ( l  - S ) V  dt, is an  estimate  of  the work dissipated by 

the  rolling  resistance,  which  is  attributed  to  a  yawed  rolling  tire.  The  value 
of Pd,t is  thus  an  indicator  of  the  tread  wear  associated  with  the  braking 
effort. 

t0 

Tire  cornering  power.-  The  cornering  power  dissipated  by  the  tire Pelt 
can be closely  approximated by  the expression 

Pc,t = (FY cos $ - F, sin $1 ( 1  - S ) V  sin $ dt 

where Fy  cos I!J - F, sin $ converts  the  measured  side  and  drag  forces  to  a 
single  side  force  perpendicular  to  the  direction  of  motion  and  where (1  - S ) V  
is the  braked wheel  speed which, when  multiplied  by sin $, yields  the  tire 
lateral  velocity.  The  value of Pc,t  is  an  indicator  of  the  tread  wear  asso- 
ciated  with  the  cornering  effort. 
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FtJ?SULTS AND  DISCUSSION 

Pertinent  data  obtained  from  all  the  antiskid  braking  tests  are  presented 
in  table I, together  with  parameters  which  describe  each  test  condition. In 
addition,  time  histories of key  parameters  from  all  the  tests  are  presented  in 
the  appendix. The tabular  data  and  the  appendix  time  histories  are  given  for 
the  convenience of the  user  in  plotting  the  data  in  ways  other  than  those  pre- 
sented  in  this  report. The following  sections  describe  the  braking-system 
behavior,  the  tire  frictional  behavior  under  skid  control,  and  the  antiskid- 
system  behavior  under  a  variety  of  operating  conditions. 

Braking-System  Behavior 

To study  the  behavior of the  antiskid system, it  is first  necessary  to 
establish  the  response  characteristics  of  the  braking  system  and  its  compo- 
nents. The following  paragraphs  describe  the  pressure-torque  response,  the 
antiskid-system  electronic  and  hydraulic  response,  and  the  braking-system 
response  to  transient  runway  friction  conditions. 

Pressure-torque  response.- The  relationship  between  brake  pressure  and 
brake  torque  is  shown  in figure 94(a)  where  arrowheads  are  used to indicate 
whether  pressure  is  increasing  or  decreasing  for  the  initial  braking  cycles. 
The figure  clearly  shows  that  the  hysteretic  nature  of  the  pressure-torque 
relationship for  this  friction  condition  results  in  substantial  variations 
in  the  brake  torque  for  a  given  brake  pressure. This  characteristic is most 
notable  during  the  first  brake  cycle  when  the  temperature  of  the  brake  is 
essentially  the  ambient  temperature  and  would  suggest  that  the  temperature  of 
the  brake  has  a  significant  influence  on  its  ability  to  develop  torque.  For 
the  test  shown,  most  of  the  cycling  occurred  at  brake  pressures  between 70 and 
14 MPa (1500 and 2000 psi),  but  an  occasional  wheel.  spin-down  caused  large 
fluctuations in  both  the  brake  pressure  and  torque. 

The large  hysteresis  loop  associated  with  the  initial  brake  cycle  may 
weigh  more  heavily  in  the  determination  of  the  antiskid-system  braking  behavior 
during  these  track  tests  than  during  an  actual  airplane  braking  stop.  During 
the  track tests,  several  runs  are  necessary  to  cover  a  representative  speed 
range  and  this  large  initial  hysteresis  cycle  is  repeated  for  each  run;  how- 
ever, during  an  airplane  braking  stop,  this  initial  cycle  might  appear  only 
once. 

Large  hysteresis  loops  are  also  noted  during  normal  antiskid  cycling  when 
the  brake  pressure  is  presented  as  a  function  of  the  skid  signal  (fig. 14(b)). 
The data  presented  in figure 14 illustrate  typical  dynamic  behavior  of  the 
braking  system  during  antiskid  operation  and  provide  some  insight  into  the 
difficulties of designing  efficient  antiskid  braking  systems. 

Electronic  and  hydraulic  response.- Time  histories  from  run 34 are  pre- 
sented  in  figure 15 to illustrate  the  electronic  and  hydraulic  response  charac- 
teristics  of  the  antiskid  system. The electronic  response  can be  described  by 
examining  both  the  test  wheel-speed  sensor  (ac  input  signal)  and  the  same  sig- 
nal  after  it  passes  through  an  ac-dc  converter  within  the  antiskid  control  box. 
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P l o t s  of t h e s e   s i g n a l s  and the  corresponding  skid-signal  and  brake-pressure 
traces are p r e s e n t e d   i n   t h e   f i r s t   f o u r  time h i s t o r i e s   o f   t h e   f i g u r e .  Data f o r  
t h i s   t r a n s i t i o n   r u n  from a d ry  to a f looded runway s u r f a c e   i n d i c a t e   e s s e n t i a l l y  
no time l a g  between t h e   i n c i p i e n t   s k i d   p o i n t  and t h e   i n i t i a t i o n  of t h e   s k i d  
s i g n a l  and subsequent  brake-pressure dump. 

The hydrau l i c   r e sponse   cha rac t e r i s t i c s  of the  ant iskid  system  can  be 
descr ibed  by examining  the  hydraulic pressure a t  t h e   a n t i s k i d   c o n t r o l   v a l v e  and 
a t  the  brake.   Typical  time h i s t o r i e s  of these   s igna ls   and   the   cor responding  
brake  torque are also presented  in   f igure  15.   Al though  approximately 2 .2  m 
(7.25 f t )  of the   hydrau l i c   l i ne   ( i n s ide   d i ame te r   o f  0.810 cm (0.319 i n . ) )  and a 
l i n e   f u s e  separate the  t w o  p re s su re   t r ansduce r s ,  no measurable   hydraul ic   l ags  
can be detected  between them s ince   t he   p re s su re   r e sponse  spikes of each occur 
a t  approximately  the same time. However, approximately 50 msec is requ i r ed   fo r  
a complete pressure- torque dump. This   dura t ion   c lose ly   cor responds  t o  t h e  time 
noted on the  wheel-speed trace of f i g u r e   1 5   f o r   t h e  t i r e  t o  l o c k  up  following 
t r a n s i t i o n  from a d ry  to  a flooded  section  of  the  runway. 

Response to runway f r i c t i o n   t r a n s i t i 0 . n . -  The a d a p t i v e   c h a r a c t e r i s t i c s  of 
the   an t i sk id   sys t em are i l l u s t r a t e d  by time his tor ies   o f   the   wheel   speed ,   sk id  
s igna l ,   b rake   p re s su re ,   and   d rag - fo rce   f r i c t ion   coe f f i c i en t  as p r e s e n t e d   i n  
f i g u r e   1 6   f o r  t w o  t r a n s i e n t  runway f r i c t i o n   c o n d i t i o n s .  The response of t h e  
braking  system to a s i n g l e   t r a n s i t i o n  from a d ry  to  a f looded runway is pre- 
s e n t e d   i n   f i g u r e s   1 6  (a) and 16(b)   for   nominal   carr iage  speeds  of  54 knots  and 
94 knots ,   respec t ive ly .  A t  both test  speeds,   the   brake  pressure  reached a nom- 
ina l   sys tem  opera t ing   pressure   o f  21  MPa (3000 p s i )  and was modulated by t h e  
an t i sk id   sys tem on t h e   d r y   s u r f a c e .  Upon en te r ing   t he   f l ooded   s ec t ion ,   t he  
wheel i n   bo th  tests rap id ly   dece le ra t ed  to a deep  skid,  as noted by t h e  immedi- 
a te  reduct ion  in   wheel   speed.  A t  a car r iage   speed   of  54 kno t s ,   t he   an t i sk id  
system  reacted  quickly to permit  the  wheel to  recover   f rom  the  skid,   and  the 
remainder  of  the  braking test  was conducted  with proper a n t i s k i d   p r o t e c t i o n .  
A s  shown i n   f i g u r e   1 6 ( b ) ,  a t  a carr iage  speed  of  94 knots ,   the   wheel   did  not  
recover  but  continued to skid  even  though  the  antiskid  system  responded  prop- 
e r l y  and re leased  a l l  brake  pressure.  The predicted  spin-up  hydroplaning  speed 
f o r   t h e  t i r e ,  based upon a t i r e  i n f l a t i o n   p r e s s u r e   o f  0.97 MPa (140 p s i ) ,  was 
91 k n o t s   ( r e f .   5 ) ,  which is equiva len t  to a wheel  speed  of  approximately 
15.6  rps;   thus,   once  the t i r e  had  spun down, i n s u f f i c i e n t   t o r q u e  was being 
developed  between  the t i re  and t h e  pavement to  s p i n   t h e  t i re  up. 

Time h i s t o r i e s  of test runs   t ha t  were s e l e c t e d  t o  i l l u s t r a t e   t h e   r e s p o n s e  
of the  braking  system  during  the  t ransi t ion  f rom a f looded to  a dry  runway 
su r face  are p resen ted   i n   f i gu res   16 (c )   and   16 (d ) ,   fo r   nomina l   ca r r i age   speeds  
of 56 knots and 94 knots ,   respec t ive ly .   In   bo th  tests, t h e  wheel was spun  up 
to  car r iage   speed   on  a d r y   s u r f a c e   p r i o r  to en te r ing   t he   f l ooded  test s e c t i o n ,  
and the  brakes were app l i ed  a t  or near   the  s ta r t  of the   f looded   sec t ion .   F ig-  
ure 16 (c) shows t h a t ,  a t  56 k n o t s ,   t h e   s k i d   s i g n a l   b l e e d s   o f f   a f t e r   t h e   i n i t i a l  
s k i d  to  allow a r e a p p l i c a t i o n  of b rake   p re s su re   un t i l ,  a t  about  4 sec, t h e  
wheel  speed  again  decreases to the   po in t   tha t   the   an t i sk id   sys tem  modula tes  
the   b rake   p ressure   on   the   f looded   por t ion  of t h e  runway. Upon reaching   the   d ry  
sec t ion ,   the   b rake   p ressure   increased  almost l i n e a r l y   f o r   a p p r o x i m a t e l y  4 sec 
a t  a rate commensurate with  the  skid-s ignal   bleedoff ,   which is generated by t h e  
pressure-bias-modulation memory c i r c u i t s .  J u s t  p r i o r  t o  t h e  end of the  test ,  

16 



9.5 sec  into  the  run,  brake  pressure was modulated due  to a  slight  spin-down  of 
the  test  wheel,  which  indicated  cycling  had  recommenced. 

For the  test  run at a  nominal  carriage  speed  of 94 knots (fig.  16(d)),  the 
wheel  commenced  to  spin  down on the  flooded  section  before  brakes  were  applied 
due  to  dynamic  tire  hydroplaning.  The  calculated  spin-down  hydroplaning  speed 
for  the  tire  in  this  test,  based on an  inflation  pressure of 0.97  MPa  (140  psi), 
was  106  knots,  which  is  equivalent  to  a  wheel  speed of approximately 18.2 rps 
(ref.  5). The  antiskid  system  acted  as  designed  and  produced  a  saturated  skid 
signal  which  prevented  the  application of pressure  to  the  brake.  Upon  reaching 
the dry  section, the wheel  rapidly  spun  up  to  the  carriage  speed,  and  approxi- 
mately 0.75  sec later, the  brake  pressure  increased  to 14 MPa (2000 psi). 
Beyond  3.8 sec,  the  brake  pressure  increased  gradually  for  1.25  sec  toward 
21 MPa  (3000  psi)  but  was  controlled  again  by  the  decay  rate of the  residual 
skid  signal  that  is  a  function of the  pressure-bias-modulation  circuit  of  the 
antiskid  system. 

Tire Frictional  Behavior  Under  Skid  Control 

The runway/tire  maximum  drag-  and  side-force  friction  values  are  discussed 
here  to  provide  a  quantitative  measure  of  the  surface  condition  and  for  use  in 
updating  tire  friction  models  with  data  from  realistic  antiskid  operating 
conditions. 

Effect  of  test  parameters on maximum  drag-force  friction  coefficient.- The . .  

average  maximum  drag-force  friction  coefficient  ud,max  as  developed  by  the 
unyawed  tire  under dry, damp,  flooded, and natural  rain  conditions  is  presented 
as a  function  of  carriage  speed  in  figure 17. The  fairings  in  the  figure  are 
linear  least-squares  curve  fits of the  data.  For  these tests, the damp and 
natural  rain  wetness  conditions  provided  similar  friction  characteristics.  As 
expected,  values  of  ud,max  for  the  wet  runways  are  substantially  lower  than 
those  for  the dry  runway, and  the difference  is  greater  for  the  flooded  surface 
than  for  the  damp  surface,  particularly  at  the  higher  speeds.  An  extrapolation 
of the  linear  curve  fit  of  Vd,max  for  the  flooded  condition  is  seen  to 
approach  negligible  values  near  the  predicted  tire  spin-down  hydroplaning  speed 
of 106  knots  (ref.  5) . Also  noted  in  the  figure is the  maximum  value  of  the 
drag-force  friction  coefficient, 0.78,  which was predicted  from  the  empirical 
expression  developed  in  reference 31 for  the  test  tire  operating  at  very  low 
speeds. It is  apparent  from  the  fairings  that  the  dry  data  for lld,max  would 
fall  below  this  prediction  if  extrapolated to  zero speed. The reason  for  this 
difference  can  be  explained  by  examining  the  data of  figure 18, where  values  of 
pd,max  that  were  obtained  solely  during  the  first  wheel  spin-down  at  the  ini- 
tiaS  brake  application  (for  the  tests  that  were  not  torque  limited)  are  pre- 
sented  as  a  function of carriage  test  speed.  These  values  represent  the  maxi- 
mum  friction  coefficients  developed  from  an  unheated  tire on a dry runway  and 
are faired  by  a straight  line  that  corresponds  to  a  1-east-squares fit of the 
data. The faired  line  agrees  closely  with  the  value of pd,max  that was 
empirically  determined  from  reference 31 for  cold  tires  during  a single braking 
cycle.  For  comparison  purposes,  the  fairing of the  average  values  of  vd,max 
obtained  over  the  entire  duration of each  of  the  five  dry  test  runs (fig. 17, 
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solid  line)  is also presented  in  the  figure. The  maximum  friction  developed 
during  the  initial  brake  cycle  exceeded  the  average  maximum  developed  through- 
out each of the  tests,  particularly  those  conducted  at  speeds  below 80 knots. 
This  difference  may be attributed  to  high  tread  temperatures  that  are  generated 
as the  antiskid  system  maintains  the  tire  at  a  relatively  constant  slip  ratio. 

An example  of  the  tire  surface  temperatures  generated  during  antiskid 
cycling is shown  in  figure 19.  An  optical  pyrometer  was  focused on the  center 
of  the  tread  in  a  region  approximately  one-sixth  of  a  revolution  aft  of  the 
tire-pavement  contact  area;  thus,  the  temperature was measured  as  the  hot  foot- 
print  area  rotated  into  the  field of view  of  the  pyrometer. Due to instrument 
damage,  temperature  data  were  obtained  for  only  one  run,  and  data  below llOo C 
(230° F) are  not  plotted  since  the  pyrometer  did  not  respond  to  val-ues  below 
this  level. The  wheel  speed  and  drag-force  friction  coefficient  are  presented 
in  the  figure  to show their relationship  with  the  tire  surface  temperature. 
During  braking,  the  tire  tread  temperature  experienced six distinct  peaks  which 
correspond  to  six  skid  cycles  and,  after one  revolution  of  the  tire €allowing a 
skid cycle, which  required  roughly 0.1 sec, the  tire  had  cooled  appreciably. 

The friction  data  of  figure 17 were  obtained at a  yaw angle of Oo. The 
fairings  of  these  data  for dry, damp, and  flooded  surface  conditions  are  recon- 
structed  in  figure 20, together  with  corresponding  data  obtained  at  yaw  angles 
of 3O, 6 O ,  go, and 12O, to  show  the  effect of yaw  angle on vd,maX.  The  fig- 
ure  shows  that  the  effect  of yaw  angle is dependent  upon  the  surface  condition 
and  forward  speed.  With  the  introduction of yaw, ud,max is  reduced on the 
dry  and damp  surfaces but  is  relatively  unaffected when the  surface  was  flooded. 

- 

- 

The effect of tire  tread  wear  on  pd,?lax i s  presented  in  figure 21, in 
- 

which  the  values  of  for  tires  havlng  new  and  worn  treads  are  plotted 
as a  function  of  carriage  speed  for  three  test  surface  conditions.  The  new 
tread  data  were  again  obtained  from  the  faired curves  of  figure 17.  The  data 
indicate  that  when  the  new  tread  is  replaced  by  a  worn  tread,  there is no  deg- 
radation  in  vd,max  on  the  dry  surface,  but  there  is  a  reduction on the damp 
and  flooded  runway  surfaces.  These  trends  are  in  reasonable  agreement  with 
similar  trends  noted  in  references 2, 6 ,  and 7. 

- 

- 

Effect of test ~ ."" parameters on maximum  side-force  friction  coefficien-t.- The 
maximum  side-force  friction c o e f f i c v y  the yawea rolling  tire 
under dry, damp, and  flooded  conditions are plotted  as  a  function  of  carriage 
speed  in  figure 22. The  fairings in the  figure  are  linear  least-squares  curve 
fits of  the  data. As  discussed  previously,  these  coefficients  were  generally 
measured  during  the  free-rolling  portion  of  the  run  and,  for  the  wet  runway 
surfaces,  are  lower  than  those  for  the  dry  runway,  with  the  difference  becoming 
greater  with  increasing  water  depth  and  speed.  As  expected,  the  values of  
ps,max on the dry and damp  runway  surfaces  generally  increase  with  increasing 
yaw  angle, at least for yaw  angles  up  to go. On the  flooded surface,  however, 
this  trend,  although  still  present,  was  not  as  distinctive,  and  the  values of 

approaches  the  predicted  tire  spin-down  hydroplaning  speed of 106 knots 
(ref. 5 )  . 

at yaw  angles of 3O and Go are  shown  to  approach  zero  as  the  speed 
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The  effect of tread  wear on uSlmax is shown in figure 23 where the  Val- 
ues of uSlmax at a yaw angle  of 6O on  dry,  damp, and  flooded  runway  surfaces 
are plotted  as a  function  of  carriage  speed.  The  new  tread  data  were  obtained 
from  the  faired  curves  in  figure 22 for a yaw  angle of 6O. On  the  dry  surface, 
the  worn  tread  condition  gave  higher  side-force  friction  coefficients  than  the 
new  tread  condition (a  trend that was also  noted  in  refs. 2, 6, and 7 ) .  On  the 
flooded  surface,  however,  there  was  a  definite loss in  side-force  friction  when 
the  new  tire  tread  was  replaced  by  a worn one.  For the  damp  surface, the  data 
seem  to  indicate  an  increase  in Uslmax with  increasing  speed  for  the  worn 
tire, but  this  may be due to  varying  dampness  conditions  between  runs. 

Interaction  between  braking  and  cornering.-  Typical  tire  friction  ,response 
to  antiskid  braking on dry  and  flooded  runway  surfaces  (interaction  between 
braking  and  cornering) is presented  in  figure 24. The drag-  and  side-force 
friction  coefficients wd and us are  plotted  as a function  of  slip  ratio  for 
the  tire  yawed  to 6O and  operating  at  a  nominal  carriage  speed  of 77 knots. 
The data  presented  in  the  figure  illustrate  the  irregular  nature  of  the  fric- 
tion  coefficient  to  which  the  antiskid  braking  system  must  respond.  The  appar- 
ently  random  perturbations  may  result  from  a  combination of such  factors as 
small  fluctuations  in  the  tire  vertical  load  due  to  runway  unevenness,  flexi- 
bility  in  the  wheel support  which would  be  reflected  in the  measured  drag  and 
side  forces,  variations  in  the  runway  surface  texture,  tire  and  brake  tempera- 
tures, and  the  spring  coupling  provided by the  tire  between  the  wheel  and  the 
pavement.  Reference 28 discusses  some of these  factors  in  detail. 

The  data  presented  in  figure 2 4  also illustrate  the  tracti.on  losses  asso- 
ciated  with  flooded  runway  operations.  For  example,  on  the  dry  runway,  the 
maximum  value  of  Ud  is  approximately 0.55, but  it  never exceeds 0.1 8 on the 
flooded  runway. A similar loss is  noted  in  the  maximum  side-force  friction 
coefficients.  The  figure  also  demonstrates  the  deterioration  in  tire  cornering 
capability  with  increased  braking  effort  (higher  slip  ratio).  The  value  of us 
is  reduced approximately 70 percent  on  the  dry  runway  at  a slip  ratio  of  only 
0.3 and  is  reduced  from 0.1 to  a  negligible  value  at  that  same  slip “ratio on 
the  flooded  surface.  These  cornering  reductions  during  the  braking cycles  are 
consistent  with  those  noted  for  similar  antiskid  braking  tests  reported  in  ref- 
erences 1, 6, and 7 and  further  illustrate  the  cornering/braking  dilemma  faced 
by  antiskid  designers. 

Effect  of  cyclic  braking on maximum  drag-force  friction  coefficients.- So 
far , the -friction  data  pres.ented  herein  were  derived  from  cyclic  brake  opera- 
tions.  However,  there  is  in  the  literature  a  large  body  of  tire  friction  data 
available  which  were  obtained  under  single-cycle  conditions,  and  a  discussion 
of  the  two  data sets is  appropriate. A comparison  of  values  of  pd,max  mea- 
sured  during  single-cycle  braking  tests  made  without  antiskid  protection  and 
the  average  of  corresponding  values  measured  under  the  same  test  conditions 
with  the  antiskid  system  operational  is  presented  in  figure 25. The single- 
cycle  data  were  obtained  approximately 2 yr  prior  to  the  present  antiskid 
braking  tests  and  were  used  previously  in  references 6 and 7 .  In figure 25, 
data  are  presented  separately  for  dry, damp, and  flooded  test  conditions  and 
for  all  the  test  conditions  combined.  These  data  include  coefficients  for 
tests  at  similar speeds,  yaw  angles, vertical loads, and  for worn  as  well  as 
new  tread  configurations. The data  for  each  test  condition are faired  by a 
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least-squares  straight  line  through  the  plot  ori-gins. The data  indicate  that 
the  maximum  drag-force  friction  coefficients  obtained  from  the  single-cycle 
braking  tests  tend  to  be  higher  than  the  average  maximum  coefficients  developed 
by  the  antiskid system  on  all  the  test  surfaces,  with  the  greatest  difference 
occurring on the  flooded  surface.  When  the  data  for  all  three  surface  wetness 
conditions  are  compared  simultaneously,  the  least-squares  curve  fit  indicates 
that  the  single-cycle  data  are  approximately 25 percent  higher  than  the  maximum 
drag-force  friction  coefficient  developed  by  the  antiskid  system.  There  are 
several  possible  explanations  for  these  trends,  ranging  from  surface  weathering 
and  traffic  polishing  to  tire  heating  associated  with  cyclic  brake  operations. 
However, the  implication  is  quite  clear  that  caution  should  be  exercised  in  any 
estimate of antiskid-system  braking  behavior  that  is  based  solely  upon l..td,max 
values  obtained  from  single-cycle  tests. 

Antiskid-System  Behavior Analysis 

Braking  behavior.-  In  this  section,  four  terms are used  to  describe  the 
extent  of  the  braking  effort  and  to  examine  the  antiskid  behavior: (1) the 
brake-pressure  behavior  index Bblp, which  assesses  the  ability  of  the  system 
to control  brake  pressure: (2 )  the  brake-torque  behavior  index BblT, which 
assesses  the  system  torque  control: (3 )  the  friction-behavior  index Bb,F, 
which  measures  the  ability  of  the  antiskid  system  to  use  the  apparent  maximum 
friction  coefficient  at  the tire/runway  interface:  and ( 4 )  the  total  stopping 
power  pd,g that  is  developed  by  the  antiskid  system. 

- 

Presented  in  figure 26 are  plots of versus kaxl '? versus Tmax, 
- 

- 
and - pr  versus  pd,max - pr.  Data  are  plotted  for  all  braking  tests 
except  those  which  were  torque  limited  throughout  the  entire  run,  those  involv- 
ing tire  hydroplaning,  and  those  performed to examine  the  effects  of  a  runway 
friction  transition.  In  each  case,  the  dry  data  and  the  wet  data  are  plotted 
separately.  The  different  surface  wetness  conditions  are  denoted  by  different 
symbols, but'no distinction  is  made  for  the  various  test  parameters  such  as 
carriage  speeds,  yaw  angles,  and  vertical  forces.  The  solid  line  in  each  plot 
represents  the  line of perfect  agreement  between  the  average  developed  and 
maximum  achieved  behavior  parameter  and  has  a  unit  slope. The dashed  line  in 
each  plot  is  the  least-squares  fit  passing  through  the  plot  origin. The  slope 
of  each  dashed  line  represents  the  average  braking-behavior  index  for  each  data 
set.  (See  fig. 1 6  of  ref. 26.) 

On  the  dry  runway  surfaces,  the  average  braking-behavior  indexes  Bb 
determined  from  the  pressure,  torque,  and  friction  ratios  vary  between 0.91 
and 0.93, a  difference  of  only 2 percent. On the  wet  runway  surfaces,  the 
variation in  Bb is between 0.68 and 0.71 , a  difference  of  approximately 
4 percent.  A  comparison of the &, values  for  the  wet  runway  surfaces  with 
the  Bb  values  for  the  dry  runway  surfaces  indicates  a  reduction  of  between 
23 and 25 percent  in  the  braking-behavior  indexes. Thus,  figure 26 shows that 
the  antiskid  braking  system  suffers  a  degraded  braking-index  level  on  the  wet 
runway  surfaces, in addition  to  the  obvious  reduction  in  friction  coefficient. 
The data  also  indicate  that  the  antiskid  braking-behavior  indexes  derived  from 
the  three  parameters  give  essentially  the same results. This  correlation  may 
not  be  exhibited  by  other  antiskid  systems: however, it does  indicate  that,  for 
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this  antiskid  system,  the  three  indexes  can  be  used  interchangeably as a  mea- 
sure  of  the  braking  behavior. It should also be  emphasized  that  the  braking- 
behavior  indexes are based  upon  maximum  achieved  values  of  pressure,  torque, 
and  friction  which  may  vary  frcm  one  antiskid  system  to  another,  and  any  com- 
parisons  between  different  antiskid  systems  based  solely  upon  these  indexes  may 
be  technically  misleading  since  there  is  no  common  base  for  comparison. 

To isolate  the  effect  that  various  test  parameters  have on the  pressure, 
torque,  and  friction  indexes,  data  from  figure 26 are  plotted  in  figures 27 
to 32. Each  figure  is  divided  into  three  parts:  (a)  pressure  indexes, 
(b)  torque  indexes,  and (c) friction  indexes.  Each  plot  includes the  line  of 
perfect  agreement  and  the  least-squares  fit  passing  through  the  origin,  from 
which  the  average  braking-behavior  index Bb is determined. The trends 
observed for some  test  conditions  may be influenced  by  a  small  sample  size. 

The effect  of  speed on braking-behavior  indexes is shown  in  figure 27. On 
the  dry  runway  surfaces,  the  indexes  are  higher  at  a  speed of 100 knots than  at 
the  lower  speeds. On the  damp  runway  surfaces,  the  opposite  trend  is  observed. 
On the  flooded  runway  surfaces,  the  braking-behavior  indexes  are  reduced  when 
the  carriage  speed  is  increased  from 50 to 75 knots, and  no  data  are  available 
at 100 knots due to  tire  hydroplaning. 

Figure 28 presents  the  effect of yaw angle on the  braking-behavior  indexes. 
On the  dry  runway surfaces, these  indexes  are  generally  higher  at a yaw  angle 
of 6O than  for  the  other yaw angles. No consistent  trends  were  observed  for 
the  wet  runway  surfaces. 

The effect  of  variations  in  the  vertical  force on the  braking-behavior 
indexes is shown  in  figure 29. Insufficient  data  are  available  to  discuss  the 
effect of vertical-force  variations on the  dry  runway  surfaces  and  are  not 
plotted. On the wet runway surfaces,  however, the  data  indicate  that  the 
braking-behavior  indexes  are  consistently  lower  for  the  light  vertical  forces. 

Shown in figure 30 is  the  effect  of  tread  wear on the  braking-behavior 
indexes.  On  the  dry  runway surfaces,  the indexes  are  slightly  higher  for  the 
worn  tire  than  for  the  new  tire. The  opposite  trend  is  generally  observed on 
the  wet  runway  surfaces.  The  only  exception  occurs on the flooded  runway  when 
the  braking-behavior  index is obtained  from  the  friction  ratio  (fig. 30(c)), 
but  this  may be due  to  the  small  sample  number. 

Figure 31 presents  the  effect  of  system  operating  pressure on the  braking- 
behavior  indexes.  Insufficient  brake  torque was  available  to  permit  antiskid 
activity on the  dry  runway  surfaces  for  the  reduced  system  pressure;  thus,  only 
the  wet  runway  data  are  presented.  On  the  damp  runway  surfaces,  the  indexes 
are  highest  for  a  system  pressure of 1 0  MPa (1 500 psi)  and  lowest  for  a  system 
pressure  of 1 4  MPa (2000 psi). No consistent  trends  are  observed  for  the 
flooded  runway  surfaces. 

Presented  in  figure 32 is  the  effect  of  system  response  mode on the 
braking-behavior  indexes. The data  indicate  that  mode B system  response pro- 
duces  significant  increases  in  the  pressure,  torque,  and  friction  indexes  over 
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those  obtained from mode A operation. T h i s  trend is observed  for a l l   t h ree  
surface wetness conditions. 

I n  summary, t h e  data  presented i n  f igures 27 t o  32 imply that  t h e  braking 
behavior of t h e  antiskid system would not be adversely  affected by cross-wind 
operations (yaw-angle e f f ec t s ) ,  but might be degraded by excessive wing l i f t  
during  the  landing  roll-out  (vertical-force  effects). These resul ts   a lso ind i -  
cate  that  the  antiskid-system  braking  behavior may  be adversely  affected by 
excessive t i r e  wear  on  wet  runway surfaces.  Finally, t h e  data  indicate  that 
the  highest  braking-behavior  indexes  are  achieved when the  antiskid system 
operates i n  response mode B. 

The gross  stopping power Pd,g (eq. ( 7 ) )  developed by the  antiskid sys- 
tem, which is a measure of t h e  overall  antiskid  braking  effort, is  l i s t ed  i n  
table I for each test  condition.  Figure 33 presents bar graphs of these  data 
i n  terms  of Pdlgr  a numerical  average of a l l  the  data  for a given t e s t  con- 
di t ion.  For example, the  dry, 50-knot bar graph is the  average of a l l  dry  runs 
a t  50 knots,  including  the  various yaw angles,  vertical  forces,  tread  configu- 
rations,  and system pressures. Data  from torque-limited  tests and  from t e s t s  
involving t i r e  hydroplaning  are  included i n  the  figure, b u t  no data  are 
included from t e s t s  performed under t ransient  runway friction  conditions.  As 
expected,  because of higher  available  friction  coefficients,  the  gross  stopping 
power  on the  dry  surface is  much higher  than that  on the wet  runway surfaces. 
On the  dry  surface, Pd,g increases  to a lesser  extent w i t h  t i r e   v e r t i c a l  
force and w i t h  a worn tread  configuration. The wheel yaw angle  appears  to have 
Li t t ie   e f fec t .  On the wet surfaces, Pd19 increases w i t h  t i r e   ve r t i ca l  
force,  decreases w i t h  tread wear, and exhlbits no substantial  change for  vari- 
ations i n  carriage  speed,  brake  supply  pressure, or yaw angle. 

I 

- 

The stopping power dissipated by the  t ire  alone P d , t  (eq. ( 8 ) )  is only a 
small  fraction of the  gross  stopping power, but it does provide an indication 
of the  tread wear associated w i t h  the  braking ef for t ;  t h u s ,  the  ideal  antiskid 
system would maximize Pd,g and minimize P d , t .  Values  of Pd,t are   l i s ted  
i n  table I for each test  condition. The data  are averaged and plotted  as bar 
graphs i n  figure 34 t o  show the   e f fec ts   a t t r ibu ted   to   t es t  parameter varia- 
t ions.  Data  from a l l   t e s t s  except  those performed to  study  the  effect of a 
runway fr ic t ion  t ransi t ion  are  included i n  the  figure. The figure shows that  
for  corresponding  conditions, P d , t  is generally  higher on the  dry  surface 
than on the wet surfaces  except - for  the 1 0  MPa (1500 ps i )  brake  supply  pressure 
t e s t s .  On a dry  surface, P d , t  increases w i t h  carriage  speed, yaw angle, 
brake  supply  pressure, and when a new tread is replaced by a worn tread. On 
the wet  runway surfaces, P d , t  increases w i t h  carriage  speed, yaw angle, 
t i re   ver t ica l   force ,  and brake  supply  pressure b u t  decreases when a worn tread 
is used. The data i n  figure 34 indicate  that  the most severe  tread wear occurs 
during combined braking and cornering  operations on a dry  surface. 

- 

- 

The r a t io  of t i r e  stopping power to  gross  stopping power for each t e s t  is 
plotted  as a function of palmax i n  f igure 35. Data are  not  included  for 
torque-limited  tests,   for  tests performed under transient runway f r ic t ion  con- 
dit ions,   or  for  tests  involving  t ire hydroplaning. The curves which fa i r   the  
data  represent a least-squares f i t  and indicate  that  the  ratio  increases 
slightly  as  the  surSace  friction  level  decreases,  perhaps due to  hydroplaning 

- 
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effects.  The  figure  also  shows  that  the  general  effect  of  increasing  the 
wheel yaw angle  is  to increase  the  percentage  of  the  total  stopping  power  dis- 
sipated  by  the  tire  and  to increase  tire  wear (also suggested  by  the  amount  of 
rubber  deposited  on  the  runway  during  yawed  roll-j-ng  tests). 

Cornering behavior.-  Antiskid systems  are  not  designed  to  maximize  corner- 
ing  performance  since  good  cornering  is  not  compatible  with  heavy  braking,  but 
cornering  is  important  for  directional  control,  especially  when  cross  winds  are 
present. 

Presented  in  figures 36 to 38 are  plots  of l-Is versus I-ts,max to show 
- - 

the  effect  several  test  parameters  have on the  cornering-behavior  indexes R,. 
The test  parameter  levels  and  surface  wetness  conditions  are  plotted  separately. 
Each  plot  includes  the  line  of  ideal  behavior  and  the  least-squares fit passing 
through  the  plot  origin  from  which  the  average  cornering-behavior  index  is 
obtained. It should  again  be  emphasized  that  trends  observed  for  some  test 
conditions  may be  influenced  by  a  small  sample  size. 

The effect  of yaw angle on the'cornering-behavior  indexes  is  shown  in  fig- 
ure 36. Data  are  presentea  for  all  three  wetness  conditions  at 3O and 6O. 
Data taken  at  yaw  angles  of go and 12O are  shown for  the damp  runway  surfaces 
only. In general,  these  indexes  are  somewhat  higher on the  dry  runway  surfaces 
than  on  the  wet  runway  surfaces  for  yaw  angles of 3O and 6O. The  cornering- 
behavior  indexes  are  shown  to  decrease  when  the yaw angle is  increased from 
3O to 6O €or each  wetness  condition.  Indexes  from  the 9O and 12O data  are 
slightly  higher  than 0.5. 

Figure 37 shows  the  effect  of  carriage  speed on the  cornering-behavior 
indexes.  On  the  dry  runway surfaces,  the indexes  are  relatively  insensitive  to 
variations  in  carriage  speed.  On  the  wet  runway surfaces, the  indexes  decrease 
with  increasing  carriage  speed. A t  100 knots  on  the  flooded  runway  surfaces, 
hydroplaning  effects  have  completely  eliminated  the  tire  cornering  capability. 

Presented  in  figure 38 is  the  effect  of  tread  wear on the  cornering- 
behavior  indexes.  All  three  surface  wetness  conditions  show  a  decrease  in  the 
indexes  when  a  new  tire  is  replaced  by  a  worn  tire,  and  this  decrease  is  much 
more  pronounced on the  wet  runway  surfaces. 

The cornering  power  dissipated  by  the  tire P,,t (eq. ( 9 ) )  not  only is 
indicative  of  the  overall  cornering  capability  of  the  tire  during  the  antiskid 
controlled  braking,  but  also  provides  an  indication of the  increased  tread  wear 
associated  with  the  steering  effort. The  effects  of  test  parameter  variations 
on Pc,t  are  presented  in figure 39 as bar  graphs. The data  indicate  that 
PClt values are,  as  expected,  considerably  higher on the  dry  surface  than on 
the  wet  surfaces  and  increase  with yaw angle and  speed on both  surfaces. The 
value  of  was  higher  for  the  worn  tread  conditions  on  the  dry  surface 
and  was  higher  for  the  new  tread  condition on the  wet surfaces.  Although B c , ~  
decreased  with  increasing  yaw  angle  (fig. 36) , the  values of PC..+ increased 
substantially  when  the  yaw  angle  was  increased  from 3O to 12O (flg. 39); thus, 
both  power  terms  and  behavior-index  terms  are  needed  when  studying  the  charac- 
teristics  of  antiskid  systems. 

- 
- 

- 
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CONCLUDING REMARKS 

An expe r imen ta l   i nves t iga t ion  was conducted a t  t h e   L a n g l e y   a i r c r a f t   l a n d -  
ing loads and t r a c t i o n   f a c i l i t y  to  s tudy   the   b rak ing   and   corner ing   response   o f  
a s l ip-veloci ty-control led,   pressure-bias-modulated a i rcraf t  an t i sk id   b rak ing  
system. The inves t iga t ion ,   conducted   on   d ry   and  wet runway s u r f a c e s ,   u t i l i z e d  
one  main  gear  wheel,  brake,  and t i re  assembly  of a McDonnell  Douglas DC-9 
series 1 0  a i r p l a n e .  

R e s u l t s  from the   expe r imen ta l   i nves t iga t ion   i nd ica t e   t ha t :  

1 .  During maximum braking,  average  braking-behavior  indexes  based upon 
brake  pressure,  torque, and   d rag - fo rce   f r i c t ion   coe f f i c i en t   deve loped  by t h e  
an t i sk id   sys tem were higher on the   d ry  surfaces than  on  the damp and  flooded 
s u r f  aces. 

2. On the  w e t  sur faces ,   these   indexes  were reduced   w i th   l i gh te r   ve r t i ca l  
forces ,   h igher   car r iage   speeds ,  and when new t i r e  t r e a d s  were replaced by worn 
treads. 

.L 

3 .  The three  braking-behavior  indexes  agreed  with  one  another  and  can be 
used interchangeably as a measure   o f   the   b rak ing   behavior   for   th i s   an t i sk id  
system. 

4 .  These  braking-behavior  indexes are based upon maximum values  of  pres- 
sure ,   to rque ,  and d r a g - f o r c e   f r i c t i o n   c o e f f i c i e n t   w h i c h  may vary from  system t o  
system,  and  any  comparisons  between  different   ant iskid  systems  based  solely 
upon these   indexes  may be technica l ly   mis leading .  

5. The average  gross   s topping power generated by the  brake  system was con- 
s iderably   h igher   on   the   d ry   sur faces   than   on   the  w e t  s u r f a c e s .  

6. That   port ion  of   the  s topping power which was d i s s i p a t e d  by t h e  t i r e  and 
which  provided  an  indicat ion  of   the tire.wear was observed to  be g r e a t e s t  dur- 
ing  combined braking  and  cornering  on a d r y   s u r f a c e .  

7. The average  cornering-behavior  index  based upon t h e   s i d e - f o r c e   f r i c t i o n  
coef f ic ien t   deve loped  by t h e  t i r e  under a n t i s k i d   c o n t r o l  was decreased  on w e t  
sur faces ,   wi th   increas ing  yaw angle  and carr iage  speed,   and when t i res  with new 
t r e a d s  were replaced by those   wi th  worn t r e a d s .  

8 .  The i n t e r a c t i o n  be tween  brak ing   and   corner ing   forces   ind ica ted   tha t ,  
du r ing   an t i sk id   cyc l ing  on t h e   d r y  runway s u r f a c e s ,   t h e   s i d e - f o r c e   f r i c t i o n  
c o e f f i c i e n t  was s i g n i f i c a n t l y  reduced  during  portions  of  the  braking  cycles;  
on  the  f looded runway s u r f a c e s ,   t h i s   c o e f f i c i e n t  was f requent ly   reduced  to 
neg l ig ib l e   va lues .  

9.  During  the  t ransi t ion  f rom a d ry  t o  a flooded  surface  under  heavy 
braking ,   the   wheel   en te red   in to  a deep   sk id   bu t   the   an t i sk id   sys tem  reac ted  
p rope r ly  by quickly  reducing  brake  pressure  and  performed  normally  during  the 
remainder   of   the   run  on  the  f looded  surface.  
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10.  The b r a k e - p r e s s u r e   r e c o v e r y   f o l l o w i n g   t r a n s i t i o n   f r m  a flooded t o  a 
d r y   s u r f a c e  t o o k  4 sec and was shown to be a funct ion  of   the  decay ra te  of t h e  
r e s i d u a l   s k i d   s i g n a l   b u i l t  up by t h e   a n t i s k i d   s y s t e m   d u r i n g   t h e   i n i t i a l   s k i d  
cyc le s  on t h e   f i r s t   s u r f a c e .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
September 12,  1979 
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New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 

~ 

q n 

1 

i 
i 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
21 
21 
2' 
21 
2' 
21 
21 
2(  2( 

2( 
2( 

Brake 
SUPPb 

pressur - 
MPi 

21 
21 
21 
21 
2( 
1 5  
2 c  
21 
21 

- 

20 
20 
21 
21 
21 
21 
21 
21 
!O 
!O 
!O 
!1 
!1 
!1 
!1 
11 
11 
10 
1 
1 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 
0 
D 
1 
0 
I 
3 
I 
I 
I 
I 
I 

!1 

I 
I 
I 

I 
I 

1 

1 

2 
2 

3 
2 
2 
2 
2 
2 
2 
3 

aOne  damp spot on  othe 

- 
psi 
- 
300 

300 
300 

30C 

290 
280 
290 
300 
300 
290 
290 
300 
300 
300 
300 
300 
300 
290 
290 
290 
3001 
3001 
3001 
3001 
3001 
300( 
2901 
300( 
300( 
290( 
290( 
!go( 
300( 
300( 
300( 
IOOC 
!9OC 
!9OC 
!90C 
!goo 
!goo 
1000 
!900 
1000 
'900 
900 
900 
900 
900 
900 
000 

wise 

IO 

I 
IO 
IO IO 

10 
10 
0 
'0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
O 
0 
3 
3 
3 
I 
I 
I 
I 
1 
1 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

< 

~ 

Yaw 
angle 
deg 

- 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
3 
3 
3 
3 
3 
3 
3 
3 
6 

Surf ace 
cond i  t ior 

(a) 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 

Damp 
Damp 
Damp 
Damp 
Damp 
Damp 
Damp 

Damp 
Damp 
Damp 

Flooded 
Damp 

Flooded 
Flooded 
Flooded 
Flooded 
Flooded 
Flooded 
Flooded 
Flooded 
Flooded 
Flooded 
Flooded 
Flooded 
ry/Floodec 
cy/Floodec 
ry/Floodec 
looded/Dr\ 
looded/Dr!, 
Looded/Dr\ 

Damp 

Rain 
Rain 
Rain 
Dry 
Dry 
Dry 

Damp 
Damp 
Damp 

Flooded 
Flooded 
Flooded 

Dry 

4ry runway. 

Vertical 
load I Nanin? 
- 
kN 
~ 

60 
60 
65 
62 
84 
8 3  
97 
60 
60 
59 
82 
8 3  
82 
97 
97 
97 

' 20 
20 
20 
59 
59 
59 
78  
81 
81 
81 
01 
94 
93  
28 
2 5  
1 7  
84 

1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
1 

84 

47  19.1 35 
9 5   1 8 . 3  31 
79 18.6 33 
52   18 .7  33 

102   18 .9  34 
77  18.7 33 
53  18.9 94 
97   19 .4  86 
72  19.2 85 
40 19 .0  85 

1 0 3  1 8 . 5  82 
76 1 8 . 5  82 
5 5   1 8 . 5  82 
94 18.7 83 
77   18 .7  83 
56 18 .8  84 
94   18 .7  8 3  
76 1 8 . 8  

.;i knot: 
1 3 . 4  

74   13 .5  
54 

99 18.6 
43 1 8 . 8  
99 1 3 . 9  
70  14.6 

53 13.2 
1 0 2  27.0 

76  ?7.0 
55 27.0 

101  21.9 
7 5  21.9 
56  21.9 

104  18.5 
77 18.6 
60  18.5 

101  13.3 
77 13.4 
56 13.4 
94  21.8 

3 . 3  7 5  
3.2 9 3  
7 .5   53  
8.2  56 
8.2  76 
8.1 92 

12.7 59 
11.2 75 
10.9 91 
' 8 .7  53 
'8.2  74 
6 .2   93  
8.8 54 

l 

id Ed,ma, 

1.50 

.45 
.61  .54 
-60  .57 
.66 .58 
.66 .58 

0.66 

.56 53  
06 

.13 1 0  

.27 20 

.31 1 9  

.25 20 
.29 27 
.49 47 
.58 51 
.62  54 
.24 1 8  
.28 . 2 2  
.36 , 1 8  

, 2 8  
.13/ - 1 6  
.19/ . 2 3  
.53/ .26 

.57/.1( .29 

.58/.2: .32 
.07 

. 17  .13  
- 2 9  . 2 5  

.06 
.17 .13  
.22 .17 

- 0 7  
.14 .12 
.24 .21 
.19   .25  

- 0 6  
-14   .10  
.26  .18 
.26 .18 
.27 .22  
-31 .26 
.35  .20 
.27 .21 
.29 - 2 4  
.30 .22 
.32 .24 
-32  -21 
.28 - 2 0  
.28 .22 
.33 .20 

.47 

.o 

.o 

.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.o 
.ON 
.OI 

.O! 

.Ot . O! 
-01 
.Of 

.Of 

.06 

- 0 3  
.03 
.04 
* 04 
.03 
.03  
.04 
. 0 3  
.03  
- 0 5  
- 0 6  

. 0 7  

Ur 

0.03 
.03 
.02 
.05 

4 

3 
5 
4 
4 
4 
4 
3 
2 
6 
2 
3 
3 
5 
6 

3 

1 
3 

1 
> 

> 
> 

1 

1 1 . 2  

2393 1 6 . 5  
2002 13 .8  
1639   11 .3  
2277  15.7 
1624 

4.1 

1 3.7 
5 . 3  
5.1 
4.9 
6.9 
6 . 3  
5 .5  
9 .  
6 .  
5. 
2.  
1 .  

4 .' 
4.  
2: 

4 .  
2.8 

7.( 
3.: 

5.4 
5.7 
4.2 

16.4 
18.5 
6.0 
4.9 
4.6 
4.0 
1 .6 

15.0 

13.3 

59 
47 
53 
76 
748 
71 

1 0 0  
91 
791 

,311341 
8 
9 
8 
2 

9 
1 
1 

3 
4 

1 

2 

I 
I 

I 
I 

I 

981 

174 

71 1 

59: 
301 

62r 
34€  

11 02 
464 

783 
827 
624 

21 76 
2379 
2683 

870 
71 1 
667 
580 
232 

1929 

5 
9 
7 
9 
0 
1 
1 
4 
8 
9 
5 
5 
5 
$ 

%,x 

+ 
15 .1  

2727 18 .8  
2176 1 5 . 0  
1914  13.2 
2625 18.1 
2205 

8 . 2  

1233   8 .5  
1146 7 .9  
1421  9 .8  

914 6.3 
928 6.4 

1392  9 .6  
696  4 .8  
856 5.9 

1189  

1 1 . 0   1 5 9 5  
8 . 2  1189 
7.9 1146 
5.8 841 
3 .7  537 

6 .2  89: 
5 .3  765 
4.0  58( 

8 . 0  116C 
4.4 63E 

8 .7  
87C 6 .0  

1262 

11.4 
7.8 

1653  

841  5.8 
1131 

17.4 2524 
17.8 2582 
19.4  2814 
7 .6   1102  
5.9 856 
7.1 1030 
7.8 1131 
4.1 595 

4.2 2060 

30 
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CONDITIONS AND RESULTS 

tN-m 

14.1 
17.0 
18.8 
17.3 
20.4 

6.4 
4.8 
5.4 
7.8 
7.9 
7.0 

9.5 
9.9 

13.3 
6.5 

11.2 
8.7 
3.7 

.6 

8.1 
6.5 
2.5 

6.1 
3.1 

I 1  .6 
4.3 

7.5 
8.3 
5.4 

20.6 
20.0 
19.2 
9.0 
6.9 
6.4 

2.0 
5.9 

20.0 

- 
T 

~ 

Et-lbf 

IO 415 
12 557 
13 881 
12 779 
15  068 

4  721 
3 546 
3  989 

5  835 
5  761 

7 313 
5  171 

7  017 
4  801 

8  273 
9  824 

2  733 
6 426 

433 

5  983 
4 801 
1  847 

4  506 
2  290 

8 568 
3  176 

5 540 
6  131 
3 989 

15 216 
14  773 
14 182 
6 648 
5  091 
4  721 
4 358 
1 477 

14 772 

' I  

I 

1 
1 
1 
1 
1 
1 

I 

I 

I 

I 

I 
1 

I 

7"- kN-m ft-lbf 

19.3 

18.6 
15  512  21.0 
1 4  404  19.5 
14   256 

1 7  211 23.3 
13  739 

10.7 

5  023  6.8 
8  642  11.7 

5  688 7.7 
7  904 

9.1 6  722 
9.0 6  648 
3.3 9  824 
1.6  8  568 
2.5 

2  585 3.5 
5  097 6.9 
8  273  1.2 
9  307 2.6 

1 2  409  6.8 
9  233 

9.3 

3  398 4.6 
1  291  8.9 
6  869 

10.2 7  534 
5.1 3  767 

13.7 
5  466 7.4 

10  120 

13.6 

6  205 8.4 
7  977  10.8 

14  551  19.7 
15  659 21.2 
17  137 23.2 

5  392  7.3 
7  830  10.6 

10  046 

10.2  7 534 
8.0 5 909 

4.2  3  102 

20.6  15  216 1 

orque 
imit, 
ercent 

31 

100 
28 

100 

1 7  

24 
1 3  
85 

21 

- 
US 

1.20 

-1  8 
.17 

.16 

.13 

. 1 4  

.13 

.03 

.28 
1 

0.24 
.22 
.20 
.18 
.20 
.21 
.18 
.05 

.43 

,verage 
slip 
ratio 

0.11 
.09 
.12 
.09 
.14 
.04 

.08 

.06 

.06 

.05 

.08 

.06 

.07 

.06 

.05 

.07 

.07 
.06 
.05 
-11 
.33 
.94 

.10 

.12 

. 10  

.93 

.08 

.12 

.96 

.09 

.07 

.85 

.21 

.14 

.58 

.08 

.18 

.42 
.08 
.07 
.04 
.15 
.12 
- 1 0  

.10 
-11 

-07  
.12 
.25 
.98 
.18 
" 

Average 
slip 

velocity 
I 

n/sec 

3.04 
3.52 
4.12 
4.48 
3.03 
2.19 
3.01 
2.18 
2.47 
2.70 
2.30 
2.37 
3.11 
2.05 

2.75 
2.66 

1.97 
2.35 
2.62 
3.14 

12.71 
15.05 
3.16 
2.74 

44.19 
3.95 

2.49 
4.50 

45.01 
2.56 

40.49 
2.76 

4.02 
8.06 

28.34 
2.34 

20.08 
7.26 

2.29 
2.67 
2.38 
3.10 
4.4a 

3-00 
4.76 

3.70 
3.62 
3.36 

1 O . l i  
47.77 

4 . l i  
~ 

I f  

1 

1 

1 

1 

I 

I 
I 

I 

I 
I 
! 
, 
1 

1 1  
1 

~ 

~ 

't/sec 

9.96 
11.52 
13.52 
14.65 

9.9E 
7.2C 
9.85 
7.1: 
8.11 
8.8; 
7.5f 
7.7€ 

10.15 
6.71 

9.01 
8.74 

6.4: 
7.72 
8.55 

10.2s 
41 .71 
47 .8 
10.37 

12.92 
9.0C 

44.9€ 
8.12 

14.7; 
47.6f 

8.4t 
9 . O I  

32 .81 
13.15 
26.4f 
92.9; 

7.65 
23.8: 
65.85 

7.51 
8.7I 
7.8t 

1 0 . l t  
14.4: 
15.6: 

9.81 
12.1! 
11 .8! 
11 .ot 
33.3! 

156.7' 
13.6' 

~ 

j- 
1 

i 1  
I 1  
I 1  

1 1  
I :  

1 

1 

1 

1 

I 

I 

1 

! 1  
1 .  
I 

I 

1 
I 

I 
1 

1 

1 

1 

I 
I 

1 

1 

7 '  
I 
! 
I '  
I 
> 
1 

3 
1 '  
I 

1 

1 

3 
z 

I 
3 

? 
~ 

;topping 
Gross 

power 
~ 

kW 

835 
I342 
I342 
I767 
984 

I864 
21 92 
350 

61  2 
530 

776 
530 

925 
6 56 

962 
805 

872 
I037 
I 1  04 
289 

182 
239 

479 
533 

379 
276 

467 
51 1 

255 
887 
61 1 
401 

977 
783 

I 0 6 6  
524 
507 

1111 
428 
729 
753 

1603 
947 

1998 
61 0 
6 51 
798 
449 
347 
247 

1081 
~ 

- 

hp 

I 1   2 t  
I 8 O t  
I 80( 
237t 
I 32 t  
250( 
294t 
465 
71 1 
821 
71 1 

104( 
124( 
88( 

l 0 8 t  
I 29 t  
117t 
I 39 (  
I48 t  
38: 
32( 
241 
71 I 
64: 
50s 
37( 
681 
62t 
34: 

119( 
82( 
53f 

105( 
131( 
143( 

70: 
68( 

149( 
571 

101 I 
97' 

127( 
21 51 
2681 

81 I 

1071 
87: 

60: 
461 

1451 
33' 

stoppinc 
Tire 

power 
- 
tW 

I 2 4  
99 

158 
I 6 0  
I 3 1  
83 

I 3 8  

39 
25 

40 
40 
54 
64 

60 
49 

75 
62 
69 
70 
34 

I 71 
79 

65 
48 

2 59 
36 

49 
57 

244 
84 

341 
50 

116 
139 
230 

43 

152 
51 

42 
57 
43 

157 
21 8 
233 

88 
87 
97 
75 

242 
79 

251 

- 
'P 

I 3 3  
I 6 6  
21 2 
21 5 
I 7 6  
I l l  
I 8 5  
33 
52 
53 
54 
73 
86 
66 
80 

IO0 
83 
92 
94 

106 
45 

229 
87 
64 
48 

347 
61 

327 
77 

113 
67 

457 
1 56 
1 87 
308 

68 
57 

204 
56 
76 
58 

21 1 

31  2 
293 

118 
116 
130 
100 
106  
325 
337 
- 

Drnering 
Tire 

power - 
'P 

21 
35 
48 
22 
27 
40 
1 9  

7 
0 

68 
- 

rdroplanin 

No 
No 

No 
No 

NO 
NO 

NO 
NO 

NO 
NO 
NO 
No 

NO 
No 

NO 
No 

NO 
NO 

No 
NO 
NO 
Yes 

No 
No 

No 
Yes 
NO 
No 
Yes 
NO 
NO 
Yes 

No 
No 

No/Yes 
NO 
No 

Yes/No 

NO 
NO 

NO 
NO 
No 
NO 
NO 
NO 

No 
No 

No 
Yes 
NO 

tu1 

- 
1 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
11 
12 
13 
14 
15 
' 6  
17 
18 
19 
,O 
21 
!2 
23 
14 
! 5  
16 
27 
18 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
10 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
- 

31 



TABLE r .- 
- 

tu1 

- 
5: 
5: 
5, 
5! 
51 
5' 
51 
5! 
6( 
6' 
6: 
6: 
6' 
61 
66 
6; 
6t 
65 
7( 
71 
7 i  
7: 
74 
7E 
72 
77 
7E 
79 
80 
81 
82 
83 
84 
85 
86 
8 1  
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
00 
01 - 

R e s p o n s  
m o d e  

B 
B 
B 
B 
B 
B 
B 
B 

B 
B 
B 
B 
A 
A 
B 
B 
B 
B 
B 
B 
B 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

A 
A 
A 
A 
A 

A 
A 
A 
A 
A 

l i r e - t r e a  
:ond it ion 

New 
New 
New 
Rew 
New 
New 
New 
New 
New 
New 
New 
New 
New 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 
New 

B r a k e  
supply 

pressur6 - 
ME 

20 
21 
20 
21 
20 
20 
21 
21 
21 
1 9  
20 
20 
20 
20 
21 
21 
20 
21 
21 
21 
21 
20 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
20 
21 
1 4  
16 
13 
14 
14. 
13 
14 
14 
14 
IO 
10 
IO 
IO 
IO 
IO 
10 

- 
- 
'a 
" 

1 

1 
1 

i 
1 
1 
1 
1 
1 
1 
1 

- 
psi 

290( 
300( 
290( 
300( 
290( 
290( 
300( 
300( 
300C 
28UC 
290C 

- 

2900 
2900 
2900 
3000 

2900 

3000 

3000 

3000 

3000 
3000 
2900 
3000 
3000 
3000 
3000 
3000 
3000 
3000 
3000 
3000 
3000 
!900 
3000 
zoo0 
!300 
900 
!OOO 
too0 
900 
!OOO 
!OOO 
!OOO 
500 
500 
500 
500 
500 
500 
500 
" 

- 

Yaw 
a n g l e  
deg 

6 
6 
6 
6 
6 
6 
6 
6 
6 
9 
9 
9 

1 2  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

V e r t i c a :  
load 

- 
kN 

~ 

85 
8E 
61 
86 
84 
78 
83 
80 
79 
86 
86 
84 
85 
72 
77 
77 
71 
89 
88 
88 
73 
73 
73 
84 
84 
86 
59 
88 
80 
81 
80 
79 
78 
7 8  
84 
84 
85 
82 
82 
82 
82 
82 
81 
83 
82 1 

82 ~ 

83 
82 

T 
) 

) 

, 
I 
I 
I 
I 
I 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

- 
1 bf 

19.' 
19.1 
13.1 
19.: 
18.! 
17.! 
18.: 
17.5 
17.; 
19.: 
19.: 
18.5 
19.1 
16.2 
17.; 
17.2 
16.C 
20.c 
1 9 . i  
1 9 . i  
16.Z 
16.3 
16.2  
18.9 
18.9 
19.3 
13.2 
19.7 
17.9 
18.3 
17.9 
17.7 
17.5 
17.6 
18.8 
18.9 
19.0 
18.5 
18.4 
18.4 
'8 .5  
8.4 
8.1 
8.7 
8.4 
8.5 
8.7 
8.5 
8.4 
8.4 

- 

- 

{omin 

k n o t  
spee 

75 
103  

77 
57 
77 

106  
56 
8 0  
92 
55 
78 

104  
76 
49 
73 

101 
54 
53 
72  

1 0 4  
57 
7 2  
94 
51 
75 
99 
77 
54 
58 
76 

1 0 5  
53 
1 5  
93 
46 
71 
9 7  
54 
76 

1 0 4  
53 
76 
93 
1 7  
55 
75 

1 0 2  
56 
77 

104  ~- 

c d  

1.41 
.4' 
. l t  
.2( 

.1( 

.l ! 

.2: 
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Figure 2.- Test  carriage. 
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Figure 4.- Layout of simula.ted  braking system on tes t   carr iage.  
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Figure 8.- Lightweight  trailing wheel used to obtain  carriage  speed. 
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Nominal  carriage speed, 76 knots;  vertical load, 84 kN (18  800  Ibf);  yaw 
angle, Oo; brake  supply pressure, 21 MPa  (3000  psi);  tire  condition, new; 
surface  condition, dry to flooded. 
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Figure 16.- Antiskid-system  response to transient  runway  conditions. 
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Figure 16 .- Continued. 
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Figure 16.- Concluded. 
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80 kN (18 000 Ibf); brake  supply  pressure, 21 MPa (3000 psi); tire  condition, new. 
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Figure 22.- Effect of carriage speed on maximum  achieved  side-force  friction  coefficient. 
Vertical  load, 80 kN (18 000 lbf);  free  rolling  (unbraked);  tire  condition,  new. 
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Figure 39.- Effect of test parameter variations on cornering power 
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APPENDIX 

TIME HISTORIES 

T h i s  appendix presents time his tor ies  i n  f igures A1 t o  A1 01 of nine 
parameters which describe  the behavior of the  antiskid system during  each t e s t  
condition. These nine  parameters, which are  wheel speed, s l ip   veloci ty ,  sk id  
signal,  brake pressure, brake  torque,  drag-force friction  coefficient,   side- 
force  friction  coefficient,   al ining  torque, and s l i p   r a t i o ,   a r e  given for  the 
convenience of the user i n  s tudying de ta i l   charac te r i s t ics  of the  antiskid 
sys tem . 
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Figure A1.- Time  histories for run 1. Nominal  carriage speed, 54 knots; 
vertical load, 59.6 kN (13 400 lbf);  yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi); tire  condition, new; surface  condition, dry. 
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Figure A2.- Time  histories for  run 2. Nominal  carriage  speed, 74 knots; 
vertical  load, 60.1 kN (13 500 l b f ) ;  yaw angle,,OO; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  new;  surface  condition, dry. 
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Figure A3.- Time  histories for run 3. Nominal  carriage speed, 70 knots; 
vertical  load, 64.9 kN (14  600 lbf); yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition, new; surface  condition, dry. 

93 



APPENDIX 

0- '0 

'"n .5 * 1 
0 1 2 3 4 5 6 

Tirue, 5tc 

Figure A4.- Time  histories for run 4. Nominal  carriage  speed, 99 knots; 
vertical load, 61 .8 kN (13 900 lbf) ; yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire condition, new; surface  condition, dry. 
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Figure A5.- Time  histories for run 5. Nominal  carriage  speed, 43 knots; 
vertical  load, 83.6 kN (18 800 lbf) ; yaw  angle, Oo; brake  supply pres- 
sure, 20 MPa (2900 psi);  tire  condition, new; surface  condition, dry. 
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Figure A6.- Time  histories for  run  6. Nominal  carriage speed, 99 knots; 
vertical load, 82.7 kN (18  600 lbf); yaw angle, Oo; brake supply pres- 
sure, 19 MPa (2800 psi); tire  condition, new; surface  condition, dry. 
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Figure A7.- Time  histories for  run 7.  Nominal  carriage speed, 94 knots: 
vertical  load, 97 .O kN (21 800 lbf 1 ; yaw angle, Oo; brake  SUPPlY  Pres- 
sure, 20 MPa (2900 psi); tire  condition, new; surface  condition, dry. 
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Figure A8.- Time  histories for  run 8. Nominal  carriage speed, 56 knots; 
vertical load, 59.6 kN (1  3 400 lbf) ; yaw angle, Oo; brake supply pres- 
sure, 21 MPa (3000 psi);  tire  condition, new; surface  condition, damp. 
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Figure A9.- Time  histories for run 9. Nominal  carriage  speed, 77 knots; 
vertical  load, 59.6 kN (13 400 lbf): yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi); tire  condition, new: surface  condition, damp. 
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Figure ~10.- Time  histories for run lo. Nominal  carriage speed, 101 knots; 
vertical load, 59.2  kN (1 3 300 lbf) : yaw angle, Oo; brake  supply  Pres- 
Sure,  20 Mpa  (2900 psi); tire  condition, new: surface  condition, damp. 
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Figure All.- Time  histories for  run 11. Nominal  carriage  speed, 60 knots; 
vertical  load, 82.3 kN (18 500 lbf) ; yaw angle, Oo; brake  supply pres- 
sure, 20 MPa (2900 psi); tire  condition,  new;  surface  condition, damp. 
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Figure A12.- Time  histories for run 1 2 .  Nominal  carriage  speed, 77 knots; 
vertical load, 82 .7  kN (18  600 lbf);  yaw  angle, Oo; brake supply pres- 
sure, 21 MPa (3000 psi); tire condition,  new;  surface  condition, damp. 

102 



APPENDIX 

3 
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Figure  A13.- Time h i s t o r i e s   f o r   r u n  1 3 .  Nominal carriage speed, 104 knots;  
v e r t i c a l  load, 82.3 kN (1 8 500 l b f  1 ; yaw angle ,  oo; brake  supply  Pres- 
s u r e ,  21 MPa (3000 ps i ) ;  t i r e  cond i t ion ,  new; su r face   cond i t ion ,  damp. 
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Figure A14.- Time  histories for run 14. Nominal  carriage speed, 56 knots; 
vertical load, 97.4 kN (21 900 lbf);  yaw  angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi); tire condition, new; surface  condition, damp. 
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Figure ~15.- Time  histories for run 15. Nominal  carriage  speed,  75 knots; 
vertical  load, 97.4 kN (21 900 lbf 1 ; Yaw angle, oo; brake  Supply  Pres- 
sure, 21 MPa (3000 psi);  tire  condition, new; surface  condition, damp. 
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Figure  A16.- Time h i s t o r i e s   f o r   r u n  16 .  Nominal c a r r i a g e  speed, 101 knots;  
v e r t i c a l  load, 97.4 kN (21 900 l b f ) ;  yaw angle ,  Oo; brake  supply pres- 
s u r e ,  21 MPa (3000 p s i ) ;  t i r e  cond i t ion ,  new; su r face   cond i t ion ,  damp. 
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Figure A17.- Time  histories for run 17. Nominal  carriage  speed, 55 knots; 
vertical load, 120.1 kN (27 000 lbf) ; Yaw angle, oo; brake  SUPPlY  Pres- 
sure, 21 MPa (3000 psi);  tire  condition, new; surface  condition, damp. 
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Figure Al8.-  Time  histories for  run 18.  Nominal  carriage speed, 76 knots: 
vertical load, 120.1 kN (27 000 lbf 1 ; yaw angle, Oo; brake supply pres- 
sure, 20 MPa (2900 psi):  tire condition, new: surface  condition, damp. 
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Figure A19.- Time  histories for run 19.  Nominal  carriage  speed, 102 knots; 
vertical  load, 120.1 kN (27 000 lbf); yaw angle, Oo; brake  supply pres- 
sure, 20 MPa (2900 psi);  tire  condition,  new;  surface  condition, damp. 
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Figure A20.- Time  histories for run 20. Nominal  carriage speed, 53 knots; 
vertical load, 58.7 kN (13 200  lbf); yaw angle, Oo; brake  supply pres- 
sure, 20 MPa  (2900  psi);  tire  condition,  new;  surface  condition, flooded. 
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Figure A21.- Time  histories for run 21. Nominal  carriage  speed, 75 knots: 
vertical load, 59.2 kN (13 300 lbf);  yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi); tire  condition,  new;  surface  condition, flooded. 
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Figure A22.- Time  histories €or run 22. Nominal  carriage  speed, 93 knots; 

vertical load, 58.7 kN (13  200 lbf); yaw angle, Oo; brake supply pres- 
sure, 21 MPa (3000 psi);  tire condition,  new;  surface  condition, flooded. 
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Figure A24.- Time  histories for run 24. Nominal  carriage  speed, 56 knots; 
vertical  load, 81 .O  kN (18 200 lbf) ; yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  new;  surface  condition, flooded. 
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Figure A25.- Time  histories for run 25. Nominal  carriage speed, 76 knots; 
vertical load, 81.0 kN (18 200 lbf); yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  new;  surface  condition, flooded. 
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Figure A26.- Time histories for run 26. Nominal  carriage speed, 92 knots; 
vertical load, 80 .5  kN (18  100 lbf): yaw angle, Oo; brake supply pres- 
sure, 21 MPa (3000 psi); tire condition, new; surface condition,  flooded. 
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Figure A27.- Time  histories for  run 27.  Nominal  carriage  speed, 59 knots; 
vertical  load, 101 .O kN (22  700 lbf 1 ; yaw angle, Oo; brake  supply  Pres- 
sure, 20 MPa (2900 psi);  tire  condition,  new;  surface  condition, flooded. 
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Figure A28.- Time  histories for run 28. Nominal carriage speed, 75 knots; 
vertical load, 94.3  kN (21 200 lbf); yaw angle, Oo; brake supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  new; surface condition,  flooded. 
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Figure A29.- Time  histories for run 29.  Nominal  carriage speed, 91 knots; 
vertical load, 93.0 kN (20 900 lbf); yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition, new; surface  condition, flooded. 
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Figure A30.- Time  histories for run 30. Nominal  carriage speed, 53 knots; 
vertical  load, 127.7  kN (28 700 lbf); yaw angle, Oo; brake supply pres- 
sure, 20 MPa (2900  psi); tire condition,  new;  surface  condition, flooded. 
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Figure A31.- Time  histories  for run 31. Nominal  carriage  speed,  74 knots; 
vertical load, 125.4 kN (28 200 lbf) ; yaw angle, Oo; brake  supply pres- 
sure, 20 MPa (2900  psi);  tire  condition, new; surface  condition, flooded. 
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Figure A32.- Time  histories for run 32. Nominal  carriage  speed, 93 knots; 
vertical load, 1 1 6 . 5  kN (26 200 lbf); yaw angle, Oo; brake supply  Pres- 
sure,  20 MPa  (2900 psi);  tire condition,  new;  surface  condition, flooded. 
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Figure A33.- Time  histories for run 33. Nominal  carriage Speed, 54 knots; 
vertical  load, 83.6 kN (1 8 800 lbf) ; yaw  angle, Oo; brake  supply pres- 
sure, 21 MPa  (3000  psi);  tire  condition, new; surface  condition, dry to 
flooded . 
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Figure A34.- Time  histories for  run 34. Nominal. carriage speed, 76  knots; 
vertical  load, 83.6 kN (18  800  Ibf);  yaw  angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi); tire  condition,  new;  surface  condition, dry to 
flooded . 
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Figure A35.- Time  histories for  run 35. Nominal  carriage  speed, 94 knots: 
vertical  load, 83.2 kN (18 700 lbf);  yaw angle, Oo; ,brake  supply pres- 
sure, 21 MPa (3000 psi); tire  condition,  new;  surface  condition, dry to 
flooded . 
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Figure €136.- Time  histories for  run 36. Nominal  carriage  speed, 56 knots; 
vertical  load, 83.6 kN (18  800 Ibf); yaw angle, 00; brake  supply pres- 
sure, 21 MPa (3000 psi); tire  condition,  new;  surface  condition, flooded 
to dry. 
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Figure ~37.- Time  histories  for  run 37. Nominal  carriage  speed, 77 knots; 
vertical  load, 83.2 kN (1 8 700 lbf) ; yaw angle, Oo: brake  supply  Pres- 
sure, 20 MPa (2900 psi);  tire  condition, new: surface  condition, flooded 
to dry. 
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Figure 2438.- Time  histories for  run  38. Nominal  carriage speed, 94 knots; 
vertical load, 83.2 kN (18 700 Ibf);  yaw angle, Oo; brake  supply pres- 
sure,  20 MPa (2900 psi);  tire  condition,  new;  surface  condition, flooded 
to dry. 
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Figure A39.- Time  histories for run 39. Nominal  carriage speed, 55 knots: 
vertical load, 82.3 kN (18 500 l b f ) ;  yaw angle, Oo; brake  supply  pres- 
sure, 20 MPa (2900 psi);  tire  condition,  new;  surface  condition,  natural 
rain. 
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Figure A40.- Time  histories for  run 40. Nominal  carriage speed, 76 knots; 
vertical  load, 82.3 kN (18 500 Ibf);  yaw angle, Oo; brake  supply pres- 
Sure,  20 MPa (2900 psi);  tire  condition,  new;  surface  condition,  natural 
rain. 
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Figure ~41.- Time  histories for run 41. Nominal  carriage  speed,  103 knots; 
vertical load, 82.3 kN (18 500 lbf);  yaw angle, go; brake  SUPPlY  Pres- 
sur-, 20 Mpa  (2900  psi);  tire  condition, new; surface  condition,  natural 
rain. 
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Figure A42.- Time  histories for  run 4 2 .  Nominal  carriage  speed, 40 knots; 
vertical. load, 84.5 kN ( 1  9 000 lbf) ; yaw  angle, 3O; brake supply  Pres- 
sure, 21 MPa (3000 psi); tire  condition,  new;  surface  condition, dry. 
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Figure A43.- Time  histories for  run 43. Nominal  carriage speed, 72 knots: 
vertical  load, 85.4 kN (19  200 lbf); yaw angle, 3O; brake  supply pres- 
sure, 20 MPa (2900 psi); tire  condition, new; surface  condition, dry. 
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Figure A44.- Time  histories for run 44. Nominal  carriage speed, 97 knots; 
vertical load, 86.3 kN (19 400 l b f ) ;  yaw angle, 3O; brake supply pres- 
sure, 21 MPa (3000 psi); tire condition, new;  surface condition, dry. 
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Figure A45.- Time  histories for run 45. Nominal  carriage  speed, 53 knots; 
vertical  load, 84.1 kN (18 900 lbf); yaw  angfe, 3O; brake  supply  Pres- 
sure,  20 MPa  (2900 psi); tire  condition,  new;  surface  condition, damp. 
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Figure A46.- Time  histories for run 46. Nominal  carriage  speed, 77 knots; 
vertical load, 83.2  kN (18 700 lbf) ; yaw angle, 3O;  brake  supply pres- 
sure, 20 MPa (2900 psi);  tire condition,  new;  surface  condition, damp. 
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Figure  A47.- Time h f s t o r i e s   f o r  run  -47.  Nominal carriage  speed,  102  knots; 
vert ica l   load,   84 .1  kN (18  900 lbf); yaw angle ,  3O; brake  supply  pres- 
sure ,  20 MPa (2900 p s i ) ;   t i r e   c o n t l i t i o n ,  new; surface   condit ion,  damp. 
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Figure ~48.- Time histories for run 48. Nominal  carriage speed, 52 knots; 
vertical load, 83.2  kN (18 700 lbf); yaw angle, 3O; brake supply pres- 
Sure, 20 Mpa  (2900 psi); tire condition, new; surface condition, flooded. 
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Figure A49.- Time  histories for run 49. Nominal  carriage  speed, 79  knots; 
vertical  load, 82.7 kN (18 600 lbf);  yaw angle, 3O; brake  supply pres- 
sure, 20 MPa  (2900  psi);  tire  condition,  new;  surface  condition, flooded. 

139 



APPENDIX 

Wheel 

rps 
speed. 

Slip 
velocity. 
m/- 

Skid 

mA 
signal. 

Brake 
PI==% 
MPa 

Brake 

kN-m 
toque. 

Nd 

Ns 

Alining 
torque. 
kN-m 

Slip 
ratio 

r 

0" 
Alining 
3 0 torque. 

in-lbf 
-5L -J4 

Figure A50.- Time  histories for run 50. Nominal  carriage speed, 95 knots; 
vertical load, 81.4 kN (18 3-00 lbf) ; yaw angle, 3O; brake supply pres- 
sure, 20 MPa (2900 psi); tire condition,  new;  surface  condition, flooded. 
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Figure A51.- Time  histories for run 51. Nominal  carriage  speed, 47 knots: 
vertical load, 85.0 kN (19 100 lbf) : yaw angle, 6O; brake  supply pres- 
sure, 21 MPa (3000 psi): tire  condition, new: surface  condition, dry. 
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Figure A52.- Time  histories for run 52. Nominal  carriage speed, 75 knots; 
vertical load, 85.0 kN (19 100 lbf); yaw angle, 6O; brake supply pres- 
sure, 20 MPa (2900 psi); tire  condition,  new;  surface  condition, dry. 
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Figure A54.- Time  histories for  run 54. Nominal  carriage  speed, 77 knots; 
vertical load, 61.4 kN (13  800 lbf); yaw angle, 6O; brake supply pres- 
sure, 20 MPa (2900 psi);  tire condition,  new;  surface  condition, damp. 



APPENDIX 

Slip 
rat10 

0 

- 150 
Slip 

"IO velocity, 
-50 ft/sec 

0 

.5 - 

r 

- 4  x lo4 
Alining 

0 torque. 
in-lbf 

-5L 

1.0 

.5 

I 
0 2 4 6 8 10 12 

Time, stc 

Figure A55.- Time  histories for run 55. Nominal  carriage  speed, 57 knots; 
vertical  load, 85.9 kN (19 300 lbf);  yaw angle, 60; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition, new; surface  condition, damp. 
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Figure A56.- Time  histories for run 56. Nominal  carriage  speed, 77 knots; 
vertical  load, 84.1 kN (18 900 Ibf);  yaw angle, 6O; brake supply pres- 
sure, 20 MPa (2900 psi); tire condition, new; surface  condition, damp. 



APPENDIX 

Wheel 

rps 
speed. 

Slip 
velocity. 
m/= 

Skid 

mA 
signal. 

Brake 
p-=. 
MPa 

Brake 

kN-m 
torque. 

'd 

's 

Alining 

kN-m 
torque. 

Slip 
ratio 

5 4 x lo4 
Alining 

in-lbf 
0 0 torque. 

-5 4 

l * o h . h  .5 
1 1 1  
0 1 2 3 4 5 

Time, sec 

Figure A57.- Time  histories for run 57. Nominal  carriage  speed, 106 knots; 
vertical load, 77.8 kN (17 500 Ibf);  yaw angle, 6O; brake  supply pres- 
sure, 20 MPa (2900 psi);  tire  condition, new: surface  Condition, damp. 
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Figure A58.- Time  histories €Or run 58.  Nominal  carriage  speed, 56 knots; 
vertical load, 83.2 kN (18  700 lbf); yaw  angle, 6O; brake supply pres- 
sure, 21 MPa (3000 psi); tire condition, new; surface  condition, flooded. 
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Figure A59.- Time  histories for run 59. Nominal  carriage  speed, 80 knots; 
vertical load, 79.6 kN (17  900 l b f ) ;  yaw angle, Go; brake  supply  Pres- 
sure, 21 MPa (3000 psi);  tire  condition,  new;  surface  condition, flooded. 
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Figure A60.- Time  histories for run 60. Nominal  carriage speed, 92 knots; 
vertical  load, 78.7  kN (17 700 lbf) ; yaw angle, 6O; brake supply pres- 
sure, 21 Mpa (3000 p s i ) ;  tire condition, new;  surface  condition,  flooded. 
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Figure A61.- Time histories for  run 61. Nominal  carriage speed,  55 knots; 
vertical  load, 85.9 kN (19 300 Ibf): yaw angle,  go; brake  supply pres- 
sure, 19 MPa  (2800  psi);  tire  condition, new: surface  condition, damp. 
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Figure A62.- Time histories €or run 62.  Nominal  carriage speed, 78 knots; 
vertical load, 85.9 kN (1  9 300 1.bf 1 ; yaw angle, go; brake supply pres- 
sure, 20 MPa (2900 p s i ) ;  tire condition, new;  surface condition, damp. 
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Figure A63.- Time  histories for run 63. Nominal  carriage speed, 104  knots; 
vertical load, 84.1 kN (18 900 lbf);  yaw angle, go; brake  supply pres- 
sure, 20 MPa (2900 psi);  tire  condition, new: surface  condition, damp. 
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Figure A64.- Time  histories for  run 64. Nominal  carriage  speed, 76 knots; 
vertical load, 85.0 kN (19 100 lbf);  yaw  angle, 12O; brake supply pres- 
sure,  20 MPa  (2900 psi); tire  condition,  new;  surface  condition, damp. 
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Figure A66.- Time  histories for  run 66. Nominal  carriage speed,  73  knots; 
vertical load, 76.5 kN (17 200 lbf); yaw angle, Oo; brake supply pres- 
sure, 21 MPa  (3000  psi); tire condition,  worn;  surface  condition, dry. 
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Figure A67.- Time  histories for run 67. Nominal  carriage  speed, 101 knots; 

vertical load, 76.5 kN (17 200 lbf); yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  worn;  surface  condition, dry. 
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Figure A68.- Time  histories for  run 68. Nominal  carriage speed, 54 knots; 
vertical load, 71.2  kN (16  000 lbf); yaw angle, Oo; brake supply pres- 
sure, 20 MPa (2900 psi);  tire  condition,  worn;  surface  condition, damp. 
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Figure ~69.- Time  histories for run 69. Nominal  carriage  speed, 53 knots; 
vertical  load, 89 .O  kN (20 000 lbf 1 : yaw  angle, Oo; brake  SUPPlY  Pres- 
sure, 21 Mpa (3000 psi);  tire  condition, worn; surface  condition, damp. 
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- . , . . . .. 

histories for run 70. Nominal  carriage speed, 72  knots; 
87.6 kN (1 9 700 lbf) ; yaw angle, Oo; brake supply pres- 

Sure, 21 Mpa (3000 p s i ) ;  tire condition,  worn;  surface  condition, damp. 
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Figure A71.- Time  histories for run 71. Nominal  carriage  speed, 104 knots; 
vertical  load, 87.6 kN (19  700 lbf); yaw angle, Oo; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  worn;  surface  condition, damp. 
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Figure A72.- Time  histories for  run 72. Nominal  carriage speed, 57 knots; 
vertical load, 72.5 kN (16  300 lbf) : yaw angle, oO: brake supply pres- 
sure, 21 MPa (3000 psi);  tire condj-tion, worn;  surface  condition, flooded. 
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Figure A73.- Time  histories for  run 73. Nominal  carriage speed, 72 knots; 
vertical load, 72.5  kN ( 1  6 300 lbf) : yaw angle, oo; brake  SUPPlY  Pres- 
sure, 20 MPa (2900 psi); tire condition, worn: surface  condition, flooded. 
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Figure A74.- Time  histories for run 74.  Nominal  carriage speed, 94 knots; 
vertical load, 72.5 kN ( 1  6 300 lbf) : yaw angle, Oo; brake supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  worn;  surface  condition, flooded. 
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histories for run 75. Nominal  carriage  speed, 51 knots; 
84.1 kN (1 8 900 lbf) ; yaw angle, 6O;  brake  supply pres- 

sure, 21 MPa (3000 psi);  tire  condition,  worn;  surface  condition, dry. 
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Figure A76.- Time  histories for  run 76. Nominal  carriage speed, 75 knots; 
vertical load, 84.1  kN (1  8 900 lbf) ; yaw angle, 6O; brake  supply pres- 
sure, 21 MPa (3000 psi); tire condition,  worn;  surface  condition, dry. 
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Figure A77.- Time  histories for  run 77. Nominal  carriage  speed, 99 knots; 
vertical  load, 85.9 kN (19 300 lbf);  yaw angle, 6O; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  worn;  surface  condition, dry. 
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Figure A78.- Time  histories for  run 78. Nominal  carriage speed, 77 knots; 
vertical load, 58.7 kN ( 1 3  200 lbf);  yaw  angle, 6O; brake supply pres- 
sure, 21 MPa (3000 psi); tire condition,  worn;  surface  condition, damp. 
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Figure A79.- Time  histories for  run 79. Nominal  carriage  speed, 54 knots; 
vertical  load, 87.6 kN (19 700 lbf);  yaw angle,  6O; brake  supply pres- 
sure, 21 Mpa (3000 psi);  tire  condition, worn; surface  condition, damp. 
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Figure ~ 8 0 . -  Time  histories €or run 8 0 .  Nominal  carriage speed, 58  knots; 
vertical load, 79.6 kN (17 900 lbf);  yaw  angle,  6O; brake supply pres- 
Sure, 21 MPa (3000 psi);  tire  condition,  worn;  surface  condition, damp. 
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Figure A81.- Time histories for run 81. Nominal  carriage  speed, 76 knots; 
vertical  load, 81.4 kN (18  300 lbf); yaw angle, 6O; brake  supply pres- 
sure, 21 MPa (3000 psi);  tire  condition,  worn;  surface  condition, damp. 
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Figure A82.- Time  histories for run 82. Nominal  carriage speed, 1 0 5  knots; 
vertical load, 79.6 kN (17 900 lbf);  yaw angle, 6O; brake  supply pres- 
sure, 21 MPa (3000 psi); tire condition,  worn;  surface  condition, damp. 
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Figure A83.- Time h i s t o r i e s  for run 83. Nominal carriage  speed,  53 knots; 
v e r t i c a l   l o a d ,  78.7 kN (17  700 l b f ) ;  yaw ang le ,  6O; brake  supply  pres- 
sure ,  29 MPa (3000 p s i ) ;   t i r e   c o n d i t i o n ,  worn; surface   condit ion,   f looded.  
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Figure A84.- Time  histories for  run 84. Nominal  carriage speed, 75 knots; 
vertical load, 77.8 kN (17 500 lbf) ; yaw  angle, 6O; brake supply pres- 
sure, 20 MPa (2900 psi);  tire  condition, worn; surface  condition, flooded. 
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Figure A85.- Time  histories for run 85. Nominal  carriage  speed, 93 knots; 
vertical load, 78.3 kN (17 600 lbf);  yaw angle, 6O; brake  supply pres- 
sure, 21 MPa  (3000  psi);  tire  condition,  worn;  surface  condition, flooded. 
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Figure A86.- Time  histories for run 86. Nominal  carriage  speed, 46 knots; 
vertical  load, 83.6 kN (18 800 lbf) ; yaw  angle, Oo; brake supply  pres- 
sure, 14 MPa (2000 psi); tire condition, new; surface  condition, dry. 
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Figure A87.- Time  histories for  run 87.  Nominal  carriage  speed, 71 knots; 
vertical load, 84.1 kN (18  900 lbf); yaw angle, Oo; brake  supply pres- 
sure, 16 MPa (2300 psi);  tire  condition, new: surface  condition, dry. 
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Figure A88.- Time  histories for run 88. Nominal  carriage speed, 97 knots; 
vertical.  load, 84.5 kN (19 000 lbf);  yaw angle, Oo; brake supply pres- 
sure, 13 MPa  (1900 psi); tire  condition,  new;  surface  condition, dry. 

178 



APPENDIX 

Wheel 

' p =  
speed. 

Slip 
velocity. 
m/= 

Skid 

m A  
signal. 

Brake 
P-R. 
MPa 

Brake 

kN-m 
torque. 

Alining 

kN-m 
torque. 

Slip 
ratio 

r 

r 

5 r  4 

-5L  -I -4 

Figure A89.- Time  histories for  run 89. Nominal  carriage  speed, 54 knots; 
vertical  load, 82.3 kN (18 500 lbf); yaw angle, Oo; brake  supply pres- 
sure, 14 MPa (2000 psi);  tire  condition,  new;  surface  condition, damp. 
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Figure ~ 9 0 . -  Time histories for  run 90. Nominal  carriage speed, 76 knots; 
vertical load, 81.8 kN (18 400 lbf); yaw angle, Oo; brake supply pres- 
sure, 14 MPa (2000 psi); tire condition, new; surface Condition,  damp. 
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Figure A91.- Time  histories for run 91.  Nominal  carriage  speed, 104 knots; 
vertical load, 81.8  kN (1 8 400 lbf) : yaw  angle, Oo; brake  supply pres- 
sure, 13 MPa (1900 psi);  tire  condition, new: surface  condition, damp. 
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Figure A96.- Time  histories for run 96.  Nominal  carriage speed, 55 knots; 
vertical load, 81.8 kN (18 400 lbf);  yaw angle, Oo; brake supply pres- 
sure, 1 0  MPa (1500 psi); tire condition, new; surface condition, damp. 
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Figure A97.- Time  histories for  run 97. Nominal  carriage speed, 75 knots; 
vertical load, 82.3 kN (18 500 Ibf); yaw angle, oo; brake  SUPPlY  Pres- 
sure, 10 MPa (1 500 psi) ; tire  condition, new; surface  condition, damp. 
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Figure A98.- Time  histories for  run 98. Nominal  carriage speed, 102 knots; 
vertical 1-oad, 83.2 kN (1  8 700 lbf) : yaw angle, Oo; brake supply pres- 
sure, 70 MPa (1500 psi); tire  condition,  new;  surface  condition, damp. 
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Figure A99.- Time  histories for run 99. Nominal  carriage speed, 56 knots; 
vertical  load, 82.3 kN (1 8 500 lbf) ; yaw angle, oo; brake  SUPPlY  Pres- 
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Figure AlO1.- Time histories for run 101. Nominal  carriage  speed,  104  knots; 
vertical  load, 81.8 kN (18 400 Ibf); yaw angle, Oo; brake  supply pres- 
sure, 10  MPa  (1500 psi); tire  condition,  new;  surface  condition, flooded. 
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